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ABSTRACT~[ Confidential ]

The charaeterjstics of the various factors involved in the reception of v-
o (vJTf radio signals with rectangular open-core loop antennas, In air

and water considered with regard to the prediction of the maximum per-
missible range capability for specified minimal satisfactory message-reception
conditions. A mathematical expression, termed the "system equation," h* /*
devised relating such factors as radiated power, propagation atienuation loss,
voltage- and field-interface losses, depth-of-submergence loss, and loop-antenna
pickup capability gain with operation in water, to the voltage induced in a loop
antenna in air. The variation of these factorgsao functions of frequency, water con-
ductlviy, and loop-anlenna dimensions % accurately calculated with the aid
of the U. S. Naval Research Laboratory $igh-A$p,'ed tlectronic Aigital 9umputer
(NAREC). It hal;01n determined that for a fiMed i•old strength In the air, the sig-
nal voltage Intinred in a submerged loop antenna will increase with a frequency
increase at shallow depths of loop submergence but will eventually decrease with
frequency increfasehe loop submergence increases. Relative air-to-water per-
forinance data i employed in typical calculations of communication-system
range based on tie approximat" sensitivity of the omnidirectional-loop system
currently in use aboard most U.S. sub marines, any of the basic equations
employed are expansions of original work by the laDr. O. Norgorden of t hi s
Laboratory.

It has been shown that nornia-iy, in communication-system range computations,
specifying the overali receiving-system field sensiti v it y in ar automatically
includes both the dimensional and electrical loop-antenna-system design para-
meters for air operation, leaving, in addit ion, the voltage-interface loss effect
(whichi in turn is a function of the loop dimensions) to be considered along with the
loop depth-of-submergence loss for underwater operation. Expressing receiving-
system performance in terms of the variations to be expected in basic system
parameters with respect to a fixed voltage sensitivity is, however, more indicative
of reallzable system performance capability rather than to a fixed field sensitivity.

It has been shown that with respect to a reference radio field in ýair, the signal
voltage induced in a submerged loop antenna may increase as the loop - antenna
dimensions are increased, hut that this improvement is subject in a very real sense
to practical limitations imposed by tlie need for optimum loop-system electrical
design and operational f'actors which are a function of the water environment in
which the submarine operate&. Adetermination of the optimum overall loop-antenna
design for submerged radio reception must consider the mutual optimization of all
the loop-antenna parameters, including all pertinent eiectricai, drn, nsia!, i'ura-
fional, and eovironmentaI factors. It isconcluded that there is a particular frequency
for a specified operational depth which gives a maximum submerged-loop pickup
capability for a fixed field in air and ihal there is a particular loop-antenna height
corresponding to a given frequency which also gives a maximum submerged pickup
capability for a rectangular open-core loop; however, a determination of an opti-
mum loop-antenna de s i gn for submerged reception requires further st udy and
experimentation.
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A STUDY OF VLF COMMUNICATION-SYSTEM PARAMETERRs
AS RELATED TO SUBMERGED-RECEPTION CAPABILITY AND

RANGE PREDICTION
I Unclassified Title]

INTRODUCTION

Underwater radio communication has so far relied almost exclusively on very-low-
frequency (vef) radio waves, since radio-wave propagation in water has been found t ,e
more effective at the longer wavelengths. When it is practical to construct higher powered
stations with larger transmitting antennas (e.g., a quarter-wavelength at 30 kilocyclcs is
about 8200 feet in air), reliable undersea reception with ranges of several thousand nautical
miles may be obtained at vIf (3 to 30 kc). The phenomenon of underwater propagation of vif
radio waves has been known for many years, and the fundamental limitations encountered
in subsurface radio reception nave previously been itivestlgated at NRLLI Thete limita-
tions, very briefly, are as follows: (a) only a small .ra"tion of the radio (electric) field
existing immediately above the surface of the water appears just beneath that surface,
(b) the exponential rate of rf attenuation with increasing depth is relatively large, and
(c) at vlIf the attenuation of the radio held in the water becomes greater as the frequency
become;s higher and/or the water conductivity Increases.

A theoretical estimate of vif communication-sestem range based on the approximate
sensitivity of the omnidirectional loop system currently in use aboard most U.S. subma-
rines

t 
should prove useful as a basis for further system improvement. The factors which

need to be considered in calculating the signal ,oltage induced in a loop antenna submerged
in water are interrelated. The influence of several design parameters, such as the loop-
antenna inductance, Q, core material, etc., have been treated previously in considerable
detail (1-5). However, the differences in radio-wave propagation with respect to the air
and water media, and the manner in which these differences (including interface phenomena)
affect the final output signal level, as well as the loop-output dependence on frequency, water
salinity, relative loop-antenna dimensions, etc., have not received the detailed attention
which is so essential to making reliable calculations of overall 'y:.tcm capacity and effec-
tiveness. Particularly needed has been the development of a mathematical expression
relating all of the various major parameters affecting the reception of vlf radio signals
pertinent to an estimation of syst-: capability. Figure I shows a pictorial presentation
of the ,arameters involved in shore-to-sub radio cotmmuication.

The late Dr. 0. Norgorden of NRL established a basic mathematical background (6)
fin calculating the effects of many of the parameters Involved in the reception of vlIf radio
signals in water for rectangular open-core lop antennas. Since his work has been largely
substantiated by actual field measurements, the rectangular water-core (air-core iF air)
X-•.- j.. . .00on chriet, az the basisi for the anal-l;.al model used in is report.
His treatme.A, suitably modified and extended, has thus been used as a foundation for many
of the calculations. a

IThe AT-317/BRR loop system has a 6-inch nomina. diameter, Z
8

-turn, ornnidirectional,
iron-core loop, which in this report a approximated by an open-core loop with a IZ-imch
diameter and about the eanne number of t'rns. This open-core loop serves as a basis
around which a specific analytical model of a vif rootosunscation system is formed.

2
The majority of the data to he presented in this renort were obtained from calculations
made with the aid of the NAREC JNPFL fligh-6peed Electronic Digital Comnputer,.
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The primary intent of this rcport is to relate the various cornmunication-system
parameters affecting the submerged reception of radio signals and ,,;iva~e the'r rif. t
on the rnaximunm obtainable communication range for a ien depth of submergence. This
report concludes the work on one phase o. a -,- , "udy of analytical techniques for
the ihetical levauation of sub merged rnmmunication-system circuits and elemnents.
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1, CHARACTERIZATION OF THE SYSTEM ELEMENTS

GENERAL SYSTEM CONSIDERATIONS

Interrelation of the Elements

The various empirical equootnes which havrt been established to predict the radio
field In air at various distances from a vlf transmitter are usually expressed in terms of
the transmitting-antenna down-l-ed current. In an overall comninilcation-system analyti-
cal study, it is generally m:iore meaningful to establish the vif transmitter characteristics
in terms of the radiated power rather than down-lead current. Unfortunately, vif radiated
power cannot be directly measured so easily as a parameter such as antenna input cur-
rent. Therefore, as a practical matter, reliance must be placed upon certain theoretical
mathematical relationships which have been developed to -elate vlf ante~.io paremeters
and the empirical field equations in terms of radiated power. The premise upon which
these relationships are based is that for the radiated powev- to remain essentially fixed
over the vii range, the transmitting-antenna down-lead current must decrease in a direct
proportion to the increase in frequency (Appendix A).

The equations yield the re uAt that for any given radiated powter, the lower frequencies
propagate further for a given attenuation than do the higher frequencies. For example,
according to a modified form of the empirical equation originally developed by Baldwin
and McDowell of the Bureau of Shipa (in terms of radiated power rather than down-lead
current), the field strength which is obtained at 11,500 nautical miles for a given value ef
radiated power from a transmitter at 10 kc will be obtained at about half that distance
(5700 nautical miles) at 30 ke.

The loss in electromagnetic field strength between air ard sea vater (termed the
field-interface loss) is very great (e.g., l59'7:l for the electric -4i4d component at 20 kc),
Fortunately, this large loss is very nearly compensated by n glin in the signal-collection
capability of a loop antenna in water relative to its capability in air. For example, with
toe t,,p of a one-foot-square loop just below the sea surface, the computed induced voltage
in the loop at 20 kc is less than t0 percent below the induced voltago in the same loop in
nir immediately above the water surface. The effective voltage loss due to transition
from one medium to the other is thus sua.tly rather small, since the loop can be designed
so as to minimize any change of it,•i impedance which may occur with submergence.

The principal factor limiting the usefulness of radio waves in sea water, then, is tm
targe attenuation of the radio field from the surface value with in'rease in depth. The
attenuation rate for , given increase in depth becomes greater as the frequency of the
radio wave mncrease. i1,.,c:.c'r, f'r 1 -ve'n amount of radiated power in the vit range of
10 to 30 cc, the voltage induced in a small loop antenna can be expected to increase with
frequency down to about 10 feet, because the decrease In field-interface loss, coupled with
the increase in loop-collection capability in watqr with incre2aing frequency, outweighs
the increase in loss with depth. At loop depths greater thant about t0 feel, however, ithe
induced voltage decreases as the frequency is raised, because the cumulative exponential
attenuation of the radio field with depth at the highcr rate which ocers with an increase
in frequency reverses the rising trend of induced loop voltage which occurs at the shal-
lower depths with an increase in frequency. Thus taere might appear to be an optimum
frequency for operation at any particular given depth (with a given size loop); however,
all of the elements of the 1otal systent must be considered before reaching any final con-
clusion in this regard.

4 CONFIDENTIAL



CONFIDENTIAL NAVAL RESEARCH LABORATORY

Signal- Frequency Selection

The required maximum depth of antenna submergence at a desired maximum rang:
will be a majo: governing factor in the choice of signal frequency. Such elements of :;c
system as the trax.--mittcr radiated power, t-e radio----' npragriirltt attenuation in air,
the receiving-loop-antenna collection capability in air, the overall receiving-system sensi-
tivity ii air, thek field-intcrface loss, the attinuationi with increasing submergence, the
receFiving-antenna signal-collection capability in sea water relative to that in air, as well
as other receiving-sysiem performance characteristics with submerged operation (all
diagrammed in Fig. 2), and a loss which allows for the effects of system deterioration in
actual operation enter :nto the determination of communication-system performance.
When all of the characteristics and parameters of the bystein are taken into consideration
operational depths and/or range can be shown to increase with a decrease in frequency
for a given amount of radiated power. However, transmitter construction an I operating
costs at vlf are closely related to operating frequency anid radiated-power capability;
generally, the lower the frequency and/or the greater the radiated-power capability, the
higher the cost. Therefore the selection of the frequency is perhaps the most important
single determir.ation in the establishment of an effective submerged radio-ecommunication
system.

VII !ATION1
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Fig. 2 S- yteni factor-s associated wvith sub-erged vlf radio cor-iiltniiciatjeln
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RADIO FIELD GENERATION- VLF Transmitter Considerations

Present U.S. Navy transmitters covering the vif portion of the radio spectrum have
approxdmate effective radiated-power capahilitins of between 20 and 300 kilowatts, depend-
ing upon the particular transmitter employed. These transmitters radiate vertically
pularianed waves. Many of tie ti ansmistions are ew telegraph (keyed-carrier) at keying
speeds of about 29 words per minute. Increasing the effective radiated power of these
transmitters will, of course, increase the range or distance from the transmitter at which
the radio signals can be detected or copied. Any increase in power will generally be most
effective at the lower frequencies in terms of increasing the maximunm range capability,
primarily because of lowe: propagation attenuation at lower frequency at most ranges in
both air and water..

The planning for vif transmittur installations with effective radiated-power capabilities
on the order of one mcgawatt, plu the convenience of using this figure as a reference value
in graphs and computations, have led to its use in the range calculations given in this report.
However, the problems associated with the design, construction, and operation of a trans-
mitter with such output-power capability are not considered in this report.

RADIO FIELD TRANSMISSION

VLF Propagation Attenuation in Air

Some peculiarities of radio-signal propagation in the vii band are still not thoroughly
understood, despite more than fifty years of experience by the radio profession il the use
of these frequencies for communication. However, it is possible to predict the approxi-
mate field intensity as a function of distance from cert;'in empirical equations,

Figure 3 shows the results of a computation of the empirically predicted field intensity
in air, E., in volts per meter versus distance in nautical miles over sea water at frequen-
cies of i0, 15, 20, 25, 30, and 10C kc, as produced by one megawatt radiated from an
antenna located near a sea coast. The curves of Fig. 3 have been computed from the fol-
lowing equation:

5.10 t0
3 

,Pr
F D - D

where

P is the radiated power, in watts

D is the distance from the transmitting antenna, in nautical miles

is the base of natural logarithms = 2.71828...

tis the signal frequency, in cycles per see

EA is the field intensity in air, in volts per meter (vim).

"I's equation is a modified form of the empirical Baldwin..McDowell equatiin, which is
based on field data obtained on signals from vIf transmitters with known antenna effective
heights and measured down-lead curi ents. 3 It has been found to produce computed values
which, in general, agree fairly well wi'h field-strength measurements at various distances
from the transmitter for frequencies below about 100 kc.

3Appendia A gives a derivation of the modification,

CONFIDENTIAL
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Other empirical equations for this frequency range have been developed over the years
(Austin-Cohen and Espenschied-BHiley), but the field strengths predicted by them appear to
be pessimistic in comparison with scattered operational reports of radio field intensities
measured at various ranges by un-ts of the U.S. Fleet. Equatlon (1) is perhaps a little on
the optimistic side in certain regions, but it is considered to fit the limited operational
data available to NRL somewhat better than some other theoretical data (7), while it is
still not as optimistic as the expression developnd by Pierce (8,9). Destructive interfer-
ence between the ground wave and the flrst-Lhp sky wave (e.g., at about 260 or 300 naut mi
for 20 kc) usually occurs with a resulting field intensity in the interference region on the
order of 10 db or more below that predicted by Fig. 3. For the purpose zF this study, this
loss has been lumped with other miscellaneous system losses which prevent attainment of
theoretically ideal reception, alt'hough it is realized that a more detailed treatment would
be useful. At distances beyond about 500 naut mi, some signal enhancement by sky wave
may occur, but is probably undependable, because of variation in conditions with range and
time. Pierce (9) puts the average sky-wave level roughly 6 db above the curves of Fig. 3
in the far-range region. The pessimism of Fig. 3 relative to Pierce's curves is considered
to be desirable, however, because of sky-wave uncertainty.

The first factor of Eq. (1), 5.10 l 10-'QNij, indicates that the field intensity varies
inversely with distance, as it would in free space. However, because of the earth's absorp-
tion of radio energy and the curvature of its surface, other factors, includei in the
,-1.3 10-8 -m factor, come into play, resulting in the departure trom free-space attenua-

tion indicatcd by the solid-line curves of Fig. 3. For example, the 20-kc field-intensity
curve follows the inverse-distance law out to a range of approximately 150 nautical miles.
Beyond this point, a much more rapid decrease in field intensity occurs. The curve shows
that a 20-ke transmitter radiating one megawatt in the form of vertically polarized waves
over sea water should provide a field intensity of more than 100 Av/rn out to about 7400
nautical miles.

Increased range may be obtained by increasing either the effective radiated power of
the transmitter or the effective sensitivity of the receiver. The latter improvement will,
of course, be useful only when the ambient noise external to the receiving system is, on
the average, less than internal" noise. As noted previously, any increase in either power
or sensitivity will in general be more useful at the lower frequencies in terms of increas-
ing the range of communications. This can be shown from the data of Fig. 3. For example,
at the 1000-av/rn level, the range is 2,200 naut mi at 30 ke and 3,300 naut mi at 10 kc. If
the field intensity is increased by a factor of ten (100:1 increase in transmitter effective
power), then the 20-db power increase will simply increase the output Signal-to-noise
ratio of the receiving system by 20 db at both 10 and 30 ke (at the above-specified ranges).
If, however, the 20-db power increase is employed to extend the range of communications,
by stipulating that the 1000-. v/rn field and the original receiving-system output S/N-ratio
level be maintained as the ihn -shold-sensitivity criterion, then the di% ergence af the
10- and 30-kc propagation attenuation curves indicates that ihe increase in rangc at Vic
lower frequency is greater than (attenuation is less than) that at the higher frequency. In
this instance the increase would be from 2200 to about 5700 naul mi at 30 kc, and froe
3300 to about 11,500 naut mi at 10 kc, a relative advantage ot about 2.34:1 in favor of the
10-kh signal for a 10:1 increase in field intensity.

Allowance for Miscellaneous Operanlunal System Losses

Any estimate of overall systemL performance must include various operational effects
which result in system losses which cannot be avoided. For example, the sky wave (as
previously mentioned) can cause signaI-intsrference effects. Anuther typical loss isj CONFIDENTIAL
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deterioration due to frequency maisalignment or '1iftl. For example, high altmosoheric
noise levels can limit range of reception by masking the desired signal, anti antenna-
pattern deficiencies can restrirt radiation or response.

For the purposes ol estimnation, it is convenient to )Limp these various separate
losses together. This resultant will he dtfined as the system loss whIch prevent., attain-
ment of ideally possible performance in the operational s~ystem). This loss 1. can be
expressed as

F,

where
Fuis the radio field intensity in air at a range 0 necessary for a reference value

of receiver-output signal-Ic-noise ratio Linder ideal conditions, in volts per
mneter

E, is the field interisitý re.-"'ired under actual system operational conditions for
the same output SIN, it volts p~er meter.

The system opcration-at-loss allowance imay be extpressed in decibels as

L'- 20 n~ 13)

Field-Interface Loss

The ratio of the electric field st rength of the rTO ractpd wave is water to that of The
incident wsave in air depends ic L rather complicated manner upon the angle of wsave mcvi-
dence, the frequency of the radio wsave, and the dielectric constant, Permeability, and
conductivity ., ch noediown tiorgarden ý6) approximated this ratio by a simple relation
involving only the frequency and the conductivity of the watcr (on the premisc that the
approximation should be valid whenevcr the ratio of the conductivity -, expressed in esu,

4

to the frequency f, expressed in eps, is greater than about 3600):

E'(0) ITf-

V2- (4)

where

EwtGl represents the radio fielot ttensity lusitiunder I he surface of the water (at ze ro
depth), in volts per meter

F., represents the field intensity in air at the water surface, kn volts per meter.

4 Tte unit tor kondurtivity as expeensed in etactrunstaic unints in stattnhu- fal'quark, znn.
which curressonds to ii 10-o1/S etho- ietersfsqtare meter in asks roils,

CONYqnEINTAL
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Plots of this ratio for four values of water conductivity over the frequency range from
10 to 1000 kc are shown in Fig. 4. It is evident from Eq. (4) and Fig. 4 that the interface
loss decreases as the signal freqtcncy increases. For example, with average sea water

3.6 10" esu), the ratio is 3,73 -0" at 1 0 kc. but note 3.73 !0- a! 1000 hr, a

decrease in loss or increase in absolute field strength of 10 to I for a 100-to-I increase
in frequency. It shnuld be pointed out that thp valnes of conducttetty shown for the watet -
salinity state,; in Fig. 4 and Table I (and also in subsequent figures) are only approximate
tnean values; i.e., the value . = 3.6 , 1•&"esu given for sea water may rage from less
than 2.9 . 10"' to greater than 4.2 , 10 "' esu.

As is apparent from Eq. 14), the field-interface loss ratio incrrcases (the loss decreases)
as the water conductivity decreases. At 20 kc, the interface loss ratio for sea water is
5.27 . 10', whereas for Chesapeake Bay water it is 9.f3 . 10-4.5 The simplified Eq. (4)
is not sufficiently accurate for the low values of conductivity typical of fresh water at fre-
queencies above about 2 ke, since tls talto of conductivity to frequency here becomes less
thMn the 3600 limit value which Nergorden assumed in deriving Eq. (4). However, Fig. 4
does give some indication ol the Yange of variation to be expected with conductivity decrease,
wiih the data of doubtful accuracy resulting from the use nf Eq. (4) being shown in dashed-
line form. While admittedly a great simplification of the actual case, Eq. (4) has so far
given results in fair agreement with the field-interface loss observed experimentally for
frequencies near 18 kc.

Depth-of-Subme rgence Loss

The ratio of the magnitude of the radio iield intensity in water at any depth to that
just beneath the water surface (at zero depth) is termed the field depth-of -submergence
loss. Norgorden (6) has given this ratio as

C w(O)

where

E.<dl represents thp magnitude of the radio field at a depth d in feet below the water

surface, in volts per meter

E'(0t i'epresents the magnitude of the radio field at zero deoth, in volts per meter

c represents the velocity of light in air, in feet per second.
6

'The field-i-Aerfaa, loss is here epresesei in termns of the ratio E.(0),E, , rather that, in
decibels, because by original definittion the decibel is an expression of power ratio. The"expressions 23 It 1o 11(o) EA should not be considered as the field-interface loss expresser
in decibels as oriRinally defined, since that worud imply that the •rrpedasicer of the ta-
media were the same (which, of course, is not the situation in this case). Hoscever, the
rgho-hand ordinate scale of Fig. 4 is shown in dvcih ls, because the introduction of noc-
oaslizing factors bas, in ferSct, canceled the inmpedasnce variation. The factors are store
fuly developed later in thc rvpust on page 34.

bAppendix B gives nore, accurate expressions for Eq. (5) and t which -re applicable a.
tttase trequrscies where the relative dielectic constant of the media osust be taken intoj-CNF.EoNuTAt.

C:ON FIDENTIAL
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Table I
Conductivities of Variouz Water Types

Fa (esu)

Sea 3.6 x 10"

Chesapeake Bay 1.1 x to"

Brackish 3 x 10O

Fresh g x lo0

This loss i.s the principal factor limiting the propagation of radio waves in water. As indi-
rated by Eq. (5), it is a relatively complicated function with r, spect to water conductivity
and frequency as well as depth. Equation (5) may be transfcrmed to a more convenient
antd useful expression:

Ld :-•a - 20 oto(30) (6)

"where
T,, representsý attenuation, in decibels

a is the rate of attenuation per font of submergence, in db/ft.

Figure 5 shows a as a function of frequency over the range of I to 1000 kc, for the
values of water conductivity previously given in Fig. 4 and Table 1, The curves indicate
how the rate of attenuatien increases with increasing frequency and increasing water con-
ductivity. For example, at 20 kc, the loss in sea water is about 1.5 decibels per foot of
submergence, while at 403 kc, the loss is about 2.1 decibels per foot. On the other hand,
in Chesapeake Bay water, the attenuation rate is only about 0.8 decibel per foot ait 20 kr,

RADIO FIELD UTILIZATION

Lop-Antenna Signal-Collectio" C.paAlity *a Air

The coil- or loop-type collector has so far been found to be the most useful and effec-
tive form of antenna for radio reception at considerable depths of submergence. The
signal-collection capability of a loop antenna In air may be expressed by the ratio VA/tA
where VA is the loop open-circuit terminal voltage (loop 'Induced voltage") and E is
the radio field strength in volts per meter, For a rectangular open-core loop in air,
oriented so that its planc is parallel to both the direction of wave advance and the electric
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Fig. 5 -The rate of attenuation of the underwater radio field ithdet

as a function of frequency. ain db/ft - 0.555 10" 4 Y W .2 ,
where

f is in cps
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vector of the oncoming wave in air (Fig. 6b),' the signal-collection or pickup capability
fAplpendix C) may be ex~tressed as

whtere

n represents the number of turns comprising the loop winding

,I represents tie effective loop-winding dimension parallel to the direction of
wave advance, e.g., the effective loop horlzonita- lcngth per turn, in feet. for a
vertically polarized wave in air

represents the loop-winding effective dimension parallel to the electric vector
of the wave, e.g,, the effective loop vertical height per turn, in feet, fnr a verti-
cally polarized wave in air

rep. csants Hit elecirical angular velocity of the wave in radians per second

(- 2,.f, where f is the frequency expressed in cps)

his a conversion factor, 0.3048 meters per fool.

Since loop-antenna signal-collection capaboility is a function of loop dimensions as
welt as signal frequency, it is advantageous to standardize a particular set of dimensions
to facilitatae the presentation of data calculated by the use of Eq. (8). For this reason,
a reference open-core loop it, consisting of a single one-toot -square turn, has been estab-
lished in this report as the standard for comparison of performance capability of rec-
tangular loops of different dimensions5. Figure 02 shows the reference-loop sntenna's
signal- collection capability in air with respect to the factor (VA/Sale , which refers to a
convenient reference -induced voltage of one volt and a reference field of one volt per
meter to air.8 Examination of Fig. 6a shows that for any given field strength in air, the
loop-induced voltage increases in direct proportion to the increaLse in signal frequency
for this size of loop in the frequency range shown. For etxample, at 10 Itt, the loop-
induced voltage relative to I volt and a I.-volt-per- meter field in air is -9 4.2 decibels
(19.5 or); at 20 tic, iU is twice as much, or -88.2 decibels (38.4 Av), white at 40 ke it is
four timens as much, or -82.2 decibels (77.5 ev).

L: s,'rtýqpciied. wocnever i',op ,pz zý-roit terminal voltage (induced 'otltaget
is referred to in this report, it should be turderstood tn heý the resultant of the vectý,
of the potentialu induced in the lunp conductors when its plane is oriented in this manner.
Furtlhenoure, only vertically polarizel grooued waves are unearnied; thuts the top of the rrý-
tangulaT loop with length '1 is assumied to be always horizontal and tevel wia' the surface,
and the uides vertical - includinp the ruse vhen the loop is aubm-gecl. Th,. very sLtgtt'
error irtlrod-erd by thc sl~ight fnrwa.~ rIilt of the electric voctor to, the direction at pro-
pagation is neglected.

8 
A discus..ion on p. 34 giveofu rther details conicerning the choice of refree-~.
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Fal iier.rcce-loop sigLal-collection capability in air for reference oci-l--oot-
square, single-torn, air-core, loop R.as a fun~ction of fre~quetncy (with reps-vct
to an induced voltage of one volt and a field st rength in ai r of oer volt peer m ete r.
f%, .'PA) refers to a convenient arbitr'ary refrre,,•e induced voltage of 1 volt
antI a field of 1 volt per meter.

Fig. 6 - Loup-asletnna collection capabilily in air - induced (or open-circulit

terminal] voltage produced by a givcn field strength in air
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(b) Extension of the treatment of loop collection capability in air to include
loops with dimengions and nusnb-r of turns different from those for the
reference loop.

Fig. 6 (Continued) - Loop-antenna collection capability in air - induced (o"
open-circuit (terntinal) voltage produced by a given field strength in air

NOTE: The collection capability of any given loop antenna in air may be
expressed in terms of the reference one-foot-square, single-tur, air-core
loop by defining a factor F., as follows:

(a) () -VA.r -

or expressed in decibels,

[CYC to/ .... b. 136 20 ...g.

In order to simplify the presentation, it is convenient to plot a curve
showing only the effects of 'ariation of and a by normclizirg with respcc,

to n/., and bfb.; thus

20 
t
1...
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'otoI
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(cý Relative loop-antenna signal -collection capability in sea water for several
freq.mncies as a function of the loop horizontai dimnsesion

Fig. 6 (Continused) - Loop-antenna collect~on capability in air - indusced
(or open-circuit termi-il voltage produoced by a given field strength
in air

N'OTE; Irductancc and Q have sot be,,, required to remain fixed with change
of q * , a- ,d:ativu to reference loop k .
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The signal-collection capability of any given loop antenna in air may be expressed
relative to that of the iefereice loop R by a iacto, -ea , as follows:

IV.\ fv \ VA
FCA J 4 ' lie- --C (9)

where VA and VAR are the induced voltages generated in the two loops when in any
(same) given baield in air. This ratio should, of course, hold for any other field intensity,

except perhaps where secondary effects, such as iron-core saturation, occur- Equation (8)
shows that thl loop-antenna collection capability in air is directly proportional to dimen-
sion b and th,.7 number of turns n and also is a more complex function of the frequency f
and the dimension a. However, for frequencies less than about 1 Mc and dimensions of
a less than about 100 feet, the loop pickup capability in an: !c fcr practical purposes
directly prorortional to n, b, n, and f ; i.e., a ten-times increase In either the a or b
dimension, the number of turns, or the frequency will result in a 20-decibel (dbv) increase
in the loop-antenna collection capability in air. When fa - 5.4 ý 10 and D < X/4 , Eq. (8)
can be very closely approximated by the simpler relation

VA nbk.u (10)

The factor 
1
A:^ in Eq. (9) may be expressed in decibels (dbv) as follows:

Le5CA ("' 0. n, f)db0 - 20 ioglO (VA/VAR) - (11)

In order to simplify the presentation of this factor, it is convenient to plot a curve show-
ig only the effects of variations of f and a by nurmalizing with respect to u/n, and b/tb

where og and Otg refer to the reference loop; thus

E rc ^ (o . b . u. )],1b L CeA ( 0. fC 3d b b .n .

20 IO 20 log - (12)

Figure 6c shows how the term ýFc^ (0, f))db,, I RB changes for various a dimensions.

- This notation has been adopted throughout this report to differentiate between the true

decibel, which is an expression of power ratio, and a restricted "decibel" which lefer-
to a voltage ratio, with the impedance aspects being treated as a separate loss or gain
term,: i.e.,,

db to ]oglo (PI/P2)

10 tovso (V•/rj)t(V2/t2)

20 lognO (Vl/V2) - 10 tOgo (rl/r2)

NdbyI -E dTI

I. CONFIDENTIAL
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Ferro,)s-core materials Are often used to Improve the collection capability of loop
antennas. Experimental studte (5) have •hown that for in-air operation and a given size
of loop winding, about 6 decibels increase In signal output can be realized for a given value
of loop inductance with iron cores not much greater in volume than t,- e.icl.sed air space
of the winding (f se font-ote !),

Reeceiving-Systeni Performance Characteristics
!or In-Air Operation

The sensitivity of a radio curv iving system employing a loop-type antenna is usually
specified in terms of the field strEngth in a.- necessary to provide a standard level of
output and output signal-to-noise ratio from 'he receiver. The design of any particular
receiver will be governed by the modulatton type, rate of transmission, and bandwidth
of the signals to be received, the roceiver output power levels required, and other f,'ctors.
Present Navy vlf signals are maInly, of the keyed-carrier (rw telegraph) type transmitted
at keying speeds sedom greater than about 20 words per minute. Receiver output band -
width is about 200 cps, and the standard output power level specified for performance
measurement Is usually 6 milltwatts (developed in a 600-ohm or other specified output
load) with 20 decibels output signal-to-noise ratio ,S/N),.

Design threshold sensitivity So, as referred to in this report, applies particularly
to Morse code telegraph and is that cw Input signal voltage which, when heterodyned by
the audio-beat oscillator of a tone-telegraph receiver, will produce zero-decibel signal-
to-noise ratio at the receiver output load at the standard output power level. The 20-
decibel (S/N)g usually specified by the Navy for standard cw sensitivity measurements,
82o, is excessively good for end-of-range estimation In a keyed cw system, since a capa-
ble operator can easily read the noisier S. signal. The loop-induced voltage Vo (generated
by a field EA.) which produces wrro-decibel (S/N)0 In the output of the associated receiver
is referred to as the design-threshold "volta -sensitivlty' figure for the entire receiving
system, and the field EAý is defined as tht design-threshold 'field sensitivity.,

The principal reason for specifying receiving-system performance capability with the
loop antenna in air is that Performance measurements are much easier to make (and there-
fore are much more rapidly made) with the loop in air than are measurements with the
loop antenna submerged, Additionally, such in-air measurements show the receiving
system's performance capability with surface craft (e.g., a surfaced submarine).

Sensitivity mea-urements made in terms of field strength necessarily include the
loop antenna's contribution to receIvIng-system performance as a collector, whereas
voltage-sensitivlty measurements (usually made wtih a signal generator and dummy-loop
circuit simulating the impedance of an actual loop) do not include loop signal-collection
capability as a factor. The specified performance, of course, must be achieved by the
combination (referred to as the 'receiving system") Df the receiver proper, the loop-to-
receiver interconnecting cable (inctuding any coupling devices), anra tie lonr.o antenna
proner. Field-sensttivity measurements are feasible for indicating the performance
capability of receiving systems employing loop antennas operated in air, because here
the antenna parameters are under control of the receiver designer. Consequently, the
sensitivity is often stated in terms of the field in air necessary to provide a particular
level of output signal and output signal-to-noise ratio with the loop in air. However, it
will be shown subsequently that although such a practice may be acceptable for surfaced
(in-air) opecation, it does not necessarily provide an inoicatlon of the field necessary to
obtain equivalent performance with submerged operation.

CONFUDENTIAL
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Loop-Antenna Signal-Collection Capability in Water

The signal-collection capability of a loop antenna totally immersed in water may be
expressed as the ratio of its induced, or open-circuit, terminal voltage Vw to the under-
water field F, at the top of the loop, i.c., Vw/E,. Norgorden (6) derived an expression
for this ratio for a rectangular water-core loop, oriented so that its plane is parallel to
the direction of propagation and nuLn ral to the surface (refer to footnote 7). Appendix D
shows the derivation of a converted form of this expression, which has been used as a
basis for certain calculation- in this report:

10

v . ok 1 Al -- 2 .
9

c....1 c
2  (13)

where

2- b 4U-, when ,/f > 3600.
C

It is apparent that (as for the case of the loop in air) the loop's signal-collection capability
in water is a function of loop dimensions as well as the signal frequency. Here, it is again
advantageous to standardize a particular loop to facilitate the presentation of data calcu-
lated by the use of Eq. (13). Therefore the reference one-foot-square loop R is again
employed as the standard for comparing rectangular loops of different dimensions. Figure 7a
shows the reference loop's signal-collection capability in water with respect to the factor
(Vw/Ew) 0, which refers to a convenient reference-induced voltage of one volt and a refer-
ence field strength of one volt per meter in water. 11 The collection capability is plotted
for the same values of water conductivity as previously given in Table 1.

It is apparent from Fig. 7a that for a given field strength in water at the top of the
loop, the loop's signal-collection capability increases with both increase of frequency and
increase of conductivity. This effect is caused by the increase in rate of field attenua-
tion per unit change ol depth (db per foot), which results from greater conductivity and
higher frequency. The greater rate of attenuation has the effect of making the field at
the bottom of the loop relatively less intense. Normally, for small (compared to 1/4 wave-
length in water) vertical separation of the upper and lower elements of a rectangular loop,
the voltage induced in the lower element by a wave propagating vertically downward adds
in nearly opposite phase to the voltage induced in the upper element. Therefore, if the
voltage induced in the lower element becomes less due to field attenuation across the span
of the loop while the voltage of the upper element remains unchanged for a given level of
field strength at the top of the loop. an increase in output voltage from (or effective
induced voltage in) the loop will be realized. The length of radio waves in water also
becomes 1,ess with increase in water conductivity because of an associated decrease in
the velocity v; virpagation. Inei-ence a grcater ph-.ase difference can then exist between
the voltages induced in the upper and lower elements of loops with relatively small verti-
cal dimensions, so that their phasor sum tends to increase with increase in :,,onductivity
and frequency from this cause also.
1 0

The derivation of a more accurate expression which is applicable at those frequencies
where the relative dielectric constant of the medium must be taken into account is out-
linmd in Appendixes B and D.

11 Further d&scussion on p. 34 gives more information regarding the choice of reference.
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(a) Reference-loop collection capability. in water tor seve.•a sailinity condiviona for
re fe r enc e one-foot-sqnuare, single-turn, loop g as a function of frequency (with
respect to an induced voltage of one volt and a field strength in water of one vult
per meter). (V /E ) refers to a convenient arbitrary refersnce induced voltage of
I volt and a field of I volt per meter.

Fig. 7 - Loop-antenna collection capability in water - induced (or open-circuit
terminal) voltage produced by a given field strength in water
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(b) Extension of the treatnment of loop collection capability in water
to include loops with dimensions and number of trrirs different from
those for the reference loop

Fig. 7 (Continued) - Loop-antenna collection capability in
water - induced (or open-circuit terminal) voltage pro-
duced by a given field strength in water

NOTE: The collection capability of any given loop antenna in water

may be e xpr e s s e d in tern'- of the reference one-foot- square,
single-turn loop by defining a factor Fc, as follows:

/V V 2F V. E, E.c. Vw n 1ETR -2' 51-0..
8

"

-her.e
a .. .. ./C =- , i

and V/f > 0.

Expressed in decibels

FCW(Q.b.,,f.,¢)ýv= 20 Ioglo (Vw/Vn,).

In order to simplify the presentation, it is convenient to plot a
curve showing onlythe effects of variation of f and b by normalizing

with respect to o ", and 17/!,; thus[ ,0 0., . ... -l)]b [FCTT.'f"]d~E

where

[Fc(b. f, dt J

i8 shown in Fig. 
7

c.
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[c) Relative loop-antetma signal-collection capability in sea water for several frequencies
xa• lw• [t•tic,., of l]b lop ver-Liral dimnension

Fig. 7 (Continued) - Loop antenna collection capability in wvater - induced (or opeo-i-coirut
terminal) vohtage produced by a given field strength in water

NOTE: Inductance and 03 have rot beer, required to remain fixed with change
oC It, I, and x relati,.e en reference loop R
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(e) MRaimnsp-altien signal -corllection capability achievable by employing rec-
tangular loop anteaoas with "best" vertical dimensione as a function of frequency

Fig. Ma(7out -dl - Loop-antenna collection capability in water - induced (r
open-circuit termnial) voltage produced by a given field strength in water
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It should be noted, of course, that the same increasing gradient of field Intensity which
causes loop pickup capability to increase in an Increasingly lossy medium wil' cause the
voltage induced in the upper element of the loop to decrease with Increasing frequency and
conductivity, as soon as certain depths of submergence are 7eached. Further aubmergence
will then result in a rapid decrease in loop output, as will be evident subsequently (Fig. 9).

The hignal - olilection capability of any given loop antenna in water may be expressed
relative to that of the reference locp, R by a factor Fcw as follows:

FL 4_v) lien" hrcF., -2. (14)

Equation (13) has shown th.t rectangular loop a ignal -collection capability in water is a
function of the dimensions a and 0 and the number of turnsn, as well as the water conduc -
tivIty a and the frequency f . The factor Fcv in Eq. (14) may be expressed in decibels
(dbv) as follows-,

The loop-output capability in water is directly proportional io the loop dimensiono and
the number of turns o, but it is a mnore complex function of the dimension b, the fre-
quency f, and the conductivity a. The presentation of the Fcw factor can therefore be
Mniplifled by normalizing with respect to n/mA and o/vi. ; thus

Curves showing only the effects of variations of t , f, and ,' may then be plotte.0 as in
Fig.7c, which shows how the term [Fcv (b, f.a)au] Romchanges for various b Jimensions
for the case of sea water. It is seen that an increase of the height or vertical side dimen-
sion b above the reference height (I foot) produces no substantial increase in output when
the frequency exceeds I Me. Similarly, output at 10 kc does not increase snbstantially for
values of b greater than about 15 feet. It will be noted that a consid.i&oie increase in
collection capability can be realizea with the use of loop-antenna vertical dimensions
greater than one iocit for frequencies below I Me. The inreshoid effect with respect to
the b dimension appears to be a function of f -i/2 Figure 7d indicates the variation In
relative loop capability to be expected with water of different salinity at 20 kc. It Is
a-Parett that the threshold effect with respect to the b dimension is a function Of -e 2
Within the range of the b dimensiods for which data are sh-*wn, the actual (or absolute)
antenna collectinn capability in wvater is alway3 higher with gre.ater conductzivity, even
though the relative data shown in Fig. 7dwith rtspect to the 0 diomension indicates that
relative outputdecreases as water conductivity increases. Ibis may be seen by adding
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appropriate numbers obtained from Figs. 7a and Md to obtain the actual antenna collection
capability in water corresponding to the different size loops. For example, the antenna
collection capability for a loop with a 10-foot b dimension and operation in sea water at
20 kc is about -9.9 decibels (+13.5 db from Fig. 7d added to -23.4 db from Fig, 7a = -9.9 db),
whcreas for fresh water it is about -38.9 decibels; thus the loop collection capability in sea
water is about 29 decibels higher than that for ftesh water for this b dimnission and this
frequency. However, the sea-v'eter advantage over water of lower conductivity does tend
to decrease for the larger b dimensions.ý Dat at other frequencies i-um ;c~'.h 7r'o'
similar to the 20-kc data of Fig. 7d can be plotted are shown in Table 2.

It is evident from Figs. 7c and 7d that for each frequency and conductivity condition
there is a particul.r b dimension which provides a maximum loop signal-collection capa-
bility.This maximum issho6-wTn- Fig. 7e, pl-oted as a function of the fre.,,jncy for two
conductivity conditions. This phenomenon is apparently caused by an antenna self-
resonance effect which occurs when the loop vertical dimension is near a half-wavelength
as measured in water, for which case the voltage indt::d in lie buottom part of the loop
is nearly in phase with that of the top part. According to the theoretical derivation in
Appendix R.• which includes both the phase and attenuation effects, the maximum occurs
with the b dimension equa ,o 00.3535 of a wavelength, is measured in the water.

Upon cursory examination, increasing the dimension a or the number of loop turns
would appear to provide unlimited possibilities with regard to improving loop collection
ability (Eq. 13). This, of course, is true within the limits imposed upon the dimension 0,

i.e., that it should be short compared with a wavelength in air. However, a large antenna
collection capability in itself does not insure having a high energy-transfer efficiency to
the receiver. The amount of power which can be extracted from the loon antenna is very
much a function of the loop antenna impedance, which In turn is not directly determined
by the collection capability. Furthermore, the Q and inductance of a tuned-loop antenna
also vitally affect the performance capability of the receiving system. The limits to which
a variation in either a, b, or n can be taken without compromising the loop electrical
design and/or practical physical considerations in the water environment must be pre-
cisely charted, for these latter factors are an intimate part of the overall design picture
and cannot be ignored in any realistic appraisal of potential loop-antenna usefulness. 12
The gains indicated in Fig. 7c and Eq. (13) as being achievable with the larger loop dimen-
sions can be applied, of course, in the analysis of those communication systems that
incorporate loop-antenna systems (with such correspondingly larger loop dimensions)
which do satisfactorily realize the conditions imposed by practical electrical, physical,
and operational criteria.

Receiving-System Performance Characteristics
for rn-Water Operation

With receiving-system sensitivity specified in terms of the minimum satisfactory
field strength In air which provides minimum acceptable output performance, it is incum-
bent upon the Yjstem designer to ascertain that the performance obtained from the system
will never be poorer than that specified for the receiving-system sensitivity figure. The
voltage Vo induced in the loop antenna in a field EA. which produces an in-air threshold

12This charting remains as part of an overall system opcimization study.
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sensitivity Sa is the lowest acceptable level for satisfactory rystem performance and must
at least be achieved under all possible conditions of range and/or antenna submergence if
a satisfactory comm.nication system is to be -stablished.

For the purposes of this report. it is asst med that fnr a .pefifed receirvig Syst...,
sensitivity fge, equialent performance is (btained whenever the same voltage is induced
in a loop antennaj independent of th redium (e.g., air or water) in which th2 antcnna may

he placed. It is also assumed that the equivalent source impedance remains unchanged
upon submergence. 13 Presumably, this should be the normal case, since considerable
care is usually taten in the design of loop systems to insure that the impedance and Q of
the antenna do not appreciably 1l'nge upon submergence. T.tus the transfer efficiency
of ti e lo(,p system would not chance appreciably either, and -he amount of induce, voltage
requýred t, obtain the specified performance should remain about the same. If the field
in wv.!-'r at the loop antenna is sufficient to induce the same value of voltage v

0 
in the loop

in uater as obtained when the loof is in a'r, then the minimtro acceptable system perform-
ance criterion is presumed to have been met (and a submeri ed communication system
providing design threshold sensitivity output is considered established).

13It should be mentioned that theyc a.u many other types of antenna systems for wchich the
as-suptions made above would not be true due to impedance and Q change upon subn-er-
gence, e.g., the electric or probe-t.-pe antenna. This study has been largely restricted
to loop-type antenna systems.
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It. INTEGRATION OF THE SYSTEM ELEMENTS

IN-AIR OPERATION

System Equations for Surfaced Operation

Certainly, for satisfactory overall system performance, the field actually produced
at a particular range D must be equal to or greater than the field E. necessary for
producing minimum satisfactory receiver output. This forms a basis for combining the
expressions for the various elements of a vif communication system into one unified
statement, or "system equation," which contains all of the various parameters that
determine and can affect overall system-performance capability. Since Eq. (1) gives a
direct expression for the field strength in air which will exist at any particular range D
for a given frequency and radiated power, and since F. in Eq. (2) is equal to E._ in this
case, a system eqvation for surfaced operation can be established in terms of P, , the
threshold field sensiti'.•ty frmeasured or specified at the signal frequency) of the r•eceiving
system; accordingly,

Eo ,AE, (17)

Applying this statement to the analytical rectangular open-core loop model which has
already been developed In this report, and using the modified Baldwin-McDowell empiri-
cal formula for the field strength, gives

5. o l .-1.3' 10o.f, I Ae (18)

This same relationship may also be expressed conveniently in terms of the design-
threshold voltage sensitivity of the recei'ving system; thus

EA vA>A)0 
(19)

since, by definition,

v J. vA\ (20)

Applying the analytical model ' to Eq. (19) gives

5 0-I 0 ýfri 0 (21)

OF bE2 (I- cos 2
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IN-WATER OPERATION

Induced Loop Voltage for a Given Field Strength In Atr

Before establishing a sirnilar system equation for In-water operation, It is first
necessary to determine the field E:. in air which will induce a voltage V. in a submerged
loop antenna corresponding to a design threshold sensitivity S,, (consistent with the
assumption previously discussed that equivalent performance is obtained whenever the
same voltage is induced in the loop antenna, irrespective of the medium in which the
antenna may be located). The ratio of the induced voltage Vw(d) in a submerged-loop
antenna in water at a specified depth of submergence d produced by a given radio field
strength in air at the surface F, to that field is then by definition equal to the ratio of v.
to E,; or

v'(d, -: V, (22)
EA E,

An identity may now be established which relates this ratio to several of the system
elements already discussed.

.7: • C -'oC

V5(dI) E'(0)e (i wIt Said)-F iw I k fw6 d pi (23)

Upon being applied to the case of water-core rectangular loops and expanded, this
becomes

V,(d) (24)

ýA 2,

Substituting Eq. (14) in Eq. (23) gives

Vw(sl) E WC ) Evad I I
l ,, 1 cw) (25)

or

E , F .. (26)

since tý'c f, 7d- 't7rface loso and depth-of-submergence loss are both Independent of
antenta -imensions. Therefore the same factor, F', (as already plotted in parts C, D,
and E. of Fig. 7), "U'No indicates the effect of different loop dimensions and number of
turns on vS(d,-"FA. Figure- & snd 9 show ývtN- F• (v,•, the voltage induced in a
reference-loop anttv.aia M. water for a given field in air expressed in decibels below I
volt and a field ,n alt of i volt per meter. The factor (V, F,. refers to the convenient
reference induced voltage of 1 volt and the reference field of 1 volt per meter in air.
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AtL CURVIS FOR ZER3 FEET SUBMERGENCE
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(a) Voltage induced in reference loop antenna when just sub-

merged for several salinity conditions with a given field

strength in air as a function of frequency (with respect to sn
induced voltage of one volt and afield in air of one volt per
meter)

Fig. 8 - Effect of water conductivity on the voltage induced in
reference one-foot-square, single-turn loop antenna in water
at two particulat depths for a g-ee. field strength in air as a
function of frequency
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(b) Voltage induced in reference loop antrr-2 at 20-ft sub-
mergence for several salinity conditions with a given field
strength in air as a function of frequency (with respect to an
induced voltage 3f one volt and a field in air of one volt per
meter)

Fig. 8 (Continued) - Effect of water cornauctvity on the voltage
induced in reference one-foot- square, single-turnloop antenna
in water at two particular depths for a given field strength in
air as a function of frequency
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Perhaps at this point it is pertinent to explain the purpose and underlying reasons
for introducing the three different unit reference factors, (VA 'EA), I(Vvy'1w 0 , (Vw EF)O.
In each case a normalizing reference was introduced, so that the quantities to be dealt
with would be dimensionless and therefore suitable for logarithmic transformation into
more convenient computational forms, Unit reference factors were arbitrarily chosen

.aply for. .io....cnvninc. ~ Fial.J~as o nroue different
reference factors in each case so that certain quantities could be properly expressed in
decibels, as originally defined (i.e., ten times the common logarithm of a power ratio,
or twenty times the common logarithm of a voltage ratio when the voltages appear across
impedances of the same value). Although, for example, (VA'5 A~o and (Vw'EA). are dimen-
sionally the same, they are functionally different, since VA refers to a voltage induced
into an antenna in the air and V. refers to a voltage Induced into the antenna submerged
in water - the essential difference being that in general the equivalet source impedance
of the antenna wtwn in air might be quite different from what It would be in another
medium, such as sea water (however, since the impedance has been assumed to renmaIn
the same in this Ftudy, the distinction may perhaps seem unnecessary, except insofar as
it helps to clarify th, interpretation).

Figure 8a shows the effects caused by water of different conductivity on the induced
l.op •ntenna voltage for a given field strength in air relative to that of the reference one-
foot-sqdare single-turn loop R over the restricted frequency range of 10 to 40 kc for the
loop at zero depth of submergence (i.e., with the top of the loop just under the water
surface). It will be noticed that the induced voltage increases considerkbly as the Jre-
quency increases (for the zero-sbbmergenee case), but that It decreases only sligbtly as
conductivity increases. However, as shown In Fig. 8b, the situation is considerab.y
changed at a 20--foot depth of submergence, for in this case the induced voltage is con-
siderably reduced by operation in sea water, and the previous rising trend of induced
loop voltage is reversed with frequency increase. It is evident that increasing the depth
of loop submergence in water increases the separation between the induced voltages for
the four values of water conductivity illustrated in these graphs. There is an apparent
advantage In favor of higher frequency operation as the water becomes fresher. It is
interesting to note that for loop antennas submerged in Chesapeake Bay water at this
particular depth, the response Is fairly insensitive to frequency changes withir. the range
shown. It would appear that such a flat frequancy-iosponse condition might occur at
some decreased depth in sea water, also. This is shown to be the case in Fig.. 9, where
it appears that with a ten-foot depth of submergence, the induced voltage is relatively
constant (variation is within about 1 decibel) over the frequency range between about 10
and 40 kc. Figure 9 gives information over a considerably wider range of frequency
(0.1 to 1000 ke) and for increased depths of submergence (down to 500 feet) in .3ea water.
Response peaks occur at an increasingly lower frequency with increase in the depth of
operation. (A derivation of the frequency which gives peak response at a given depth is
given in Appendix F.) Figure 9 graphically shows the importance of operating at the
lower frequencies when operation at considerable depth is desired, but it also indicates
that certain advantages might be obtained at the higher frequencies if shallow loop opera-
tion should be feasible. Of course, the increp.3ed propagation loss in air at the higher
frtzý.-cles (Fig. S) ..,;t been t!aL-n La•tO a-count, since Fig. 9 assumes a fixed amount
of field strength in air at the surface, immediately above the submerged loop antenna.
HoweveT, in situations where the in-air propagation attenuation is not a prime considera-
tion (e.g., where the transmitter is in the immediate vicinity of a submerged antenna),
Fig. 9 is useful for determining the field in air necessary for producing some desired
amount of induced voltage in a submerged water-core rectangular loop antenna at some
particular depth in sea water.

Figures 10a and 10b show the voltage induced in a loop antenna submerged in fresh,
brackish, and Chesapeake Bay water, respectively, over the part of the vIf range normay!v
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of interest for submerged-communications reception. Figures 10c and 10d give esse'%-
tially the same sort 1)f infiormation as shown in Fig. 9 for sea water, except in somewhat
greater detail, on an expanded scale restricted to the vlf range and with respect t,, the
same linear frequency scale used for Figs. 10a and 10b.

Volt,•gc Intcrfacc Loss

The loss in induced voltage sustained by a loop antenna in moving from a position
entirely In air just above the surface to a position entirely in water but with the top of
the loop just under the water surface is termed the voltage-Interface loss and may be
expressed as the ratio V,(0) 'VA. This ratio indicates directly the amount of loss which
must be compensated by an increase in field strength at a given range to allow submerged
operation just beneath the surface.

Another very useful identity, similar to that given by Eq. (23), can now be established
which relates this ratio to several of the system elements already discussed:

" Ce o, o,"• 6'€x,'

*0 ý

Vw(d ) Vy(O - V5,(d ) VA

Thus the voltage induced in a submerged loop antenna at a specified depth for a given
radio field intensity in air is equal to either the product of the field-interface loss, the
depth-of-submergence loss, and the loop-collection capability in water (Eq. 23), or to the
product of the voltage-interface loss, the depth-of-submergence loss, and the loop col-
lection capability In air (Eq. 27).

Since the voltage induced in a submerged loop is directly proportional to the field
intensity at the top of the loop (as indicated by Eq. 13), the depth-of-submergence loss
expressed in terms of the reduction in induced voltage is the same as that expressed In
terms of the loss in field strength which occurs with increased depth; Lie.,

Ld

V'( d)F"(d)(28)

Equating Eqs. (23) and (27), and solving for the voltage-interface loss using the
equality established by Eq. (4), gives

YoN (F:) \ENAA
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The ratio of the loop-antenna collection capability In water to that In air IS referred
to as G, the loop-antenna collection capability Improvement, or gain, with operation in
water as compared to in-air operation. (Equation 30 Indicates that this gain Is also equal
to the ratio of the voltage-.interface loss to the field-interface loss.) A comparison of the
curves of Fig. 7a with the curve in Fig. 6a shows that the signal voltage induced In the
reference-loop antenna in water Is indeed greater than that for the same loop in air for
equivalent field intensities in both air and water. The curves of Fig. 11 show oG, the
Improvement in collection capability with operation in water for the reference loop
antenna, plotted over 'he 10- to 1000-ke frequency range and for the water- conductivity
values previously employed. Th data represent the difference (in decibels) between
those shown In Fig. 7a for waler and those In Fig. 6a for air. An examination of Fig. 11
shows that the Improvement in reference loop-antenna collection capability upon its
submergence In water Is considerable for equa ýfield intensities in both mediums. For
example, che gains with reference-loop operation in sea water art 2510, l170,and 11913
Limp- at 10, 20, and 40 kc, respectively. Thus, since Eq. (30) indicates that the voltage-
interface loss is the product of the galn and the filed-interface loss, it appears that the
large Improvement in loop-antenna collection capability with operation in water will
compensate in large .neasure for the1 considerable loss in field intensity In transiting the
air-to-water Interface. Thereforc the voltage-interface loss should normally not be
expected to be very large. Figure 11 also shows that the pickup gain, or improvement, for
the reference loop derreases as tl.t signal frequency increases and/or the Water condluc-
tivity decreases. Equstiotn (Z31) InUicates that the improvement it) V~ckup for other sizes
of loops may be obtained simply by multtplying the gain for the reference-loop antenna
by the ratio of vi.,, to F,,5 (Ecq. 34).

Thp voltage-Interface loan for any given loop antenna may be expressed in terms of
tlhe reference loop ii by defining a factor FVXL as iollOwS;

Fvju ,-Vv(1) ý~m . 1 1 V V V,(32)

By substituting Eq. (9) into Eq. (27) and employing the Fv1 L factor, we have
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Fig. 11 Reftrence -loop-antenna rollectton-capability improvement with
operation in water for several salinity conditions as a function of fre~quency

V_(') ý/V!O_ý , IL v14wýý VA ý "')(33)
A VAR ) F, j~t X vw' Y C

Comparing Eq, (33) with Eq. (25) leads to the conclusion that

FCN Fv IL I orA Fy11 ' , .c1 (34)

Combining the above result with Eqs. '30), (31), and (32) yields a useful expression for
the voltage- interface loss ratio for the reference loop:

Figure 1Ua shows the voltage- Interface loss ratio for the reference loop. as com~puted in
accordance with Eq. (35), fur three conditions of water conductivity and over the same 10-
to 1000-kr: frequency range previour,'y employed for the fie ld- interface, loss curves In
Fig. 4.14 An examination of Fig. 12a reveýzia that unlike the field curves of Fig, 4, m~e
reference voltage--interface losR Invreases ati the frequency Increases. AhRO very evident
is the mnuch lower magnitude of the voltage- inte riact, tons at to as compared to the

Tecurve,. fný- h.-~-g~h water ia Fig. 1.ia are showodashed beyond about 70 kc because
-he ii-ld-il-terface loss equation (E-q, 4) Aised in cornputing voltage-interface loss ha,
been applied beyond it-i specified range of validity.
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(a) Reference-loop-antenna voltage-interface loss for several salinity con-
ditions for reference one-foot-square, single-turn loop R as a function of
frequency.

VAR- Induced voltage with reference loop in air just above surface.
V -()R Indicates top of submerged loop at water surface, i.e., induced:

voltage with loop at zero depth.

Fig. 12- Loop-antenna voltage-interface loss - induced (or open-circuit
terminal) voltagc with looppjoe s,bmrerpedin water relative to that with loop
in air for a given field strength in air
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(b Extension of the treatment of voltage-interface loss to include loops with
dime,-sions and number of tur--Is different from those for the reference loop.
Note: Inductance and Q have no. been : equired to remain fixed with change of
0, b, and n relative to referenci: loop R.

Fig. 12 (Continued) - Loop-anti nna voltage-interface loss - induced (or open-
circuit terminal) voltage wit loop just submerged in water relative to that
with loop in air for a given fG, id strength in air
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field-intf-fro loss ratio. For c=mple, with a given field strength in air, the loop open-
e tr ,rf.- 1Ra-e in sea water at 10, 20, and 40 kc is 0.40, 0.817, and 0.886 of the

voltage for thVc saine eoop in air, whereas the field intensity in sea water is only 3.71 -
10 4, 5.25 . 10"4, and 7.41 , 10-4 of the field in air, respectively.

Since the voltage-interface loss for the reference loop is rather small, being on the
order of 10 percent or lers in the vlf range, it is evident that the gain or improvement in
loop-antenna collection capability with operation in water very nearly compensates for
the large field-interface loss.

The voltage-interface loss for rectangular open-core loops with dimensions other
than those of the reference loop may be calculated directly from the following expression
(or from the data in Figs. 12c and 12d, using Eq. 32), which has been derived by expand-
ing Eq. (29) in terms of the expressions developed for the analytical rectangular open-
core loop-antenna model:

a_ /1 1\ ~ - 2• cos.
V' ) (36)

It is apparent that the voltage-interface loss is not a function of the number of turns in a
loop. Therefore FvIL must also be an independent function of n. An investigation of
Eq. (36) as a function of loop dimension a has revealed that the voltage-interface loss is
essentially independent of a wherever fa << 5.4 , 108, since ,i - cos &, aicT, which is
then very nearly equal to ,a c (as shown in Appendix C), in effect cancels the only other a
factor in the expression. This, of course, results in FvIL also being essentially inde-
pendent of a (within tbe restrictions mentioned above). Expressing Eq. (32) in logarithmic
form gives

20 loglo FVIL (a. b. f. ")=Fcw(b, f,,:'h V~ l

(37)

-,, F 1 11. 11 20 1op001 ~ 20 blego
b, R

When fa << 5.4 ,108,

20 loul, FvIL (Qb~f.-b 20 lovb1 0 FvIL (b.f...) (38)

Figure 12c shows FvWL (b, f.2 plotted as a functiort of the b dimensi-n for several
frequencies between 0.1 and 1000 kc for the case of sea water. The curves show that a
greater voltage-interface loss results with larger b loop dimensions. The loss is also
greater with higher frequency for values of b greater than one.

The effects of variation in the water conductivity on the Fvxt factor at 20 kc is shown
in Fig. 12d. It may be seen that there is little effect for loop antennas with b dimensions
less than about one foot, but that the relative voltage-interface loss factor increases
considerably as the conductivity approaches that of sea water for the larger b dimen-
sions. Table 3 gives similar data for several other frequ-ncl-s.

F*gure 13 shows in a more direct fashion the difkcrence In loop-antenna induced
voltage f•,r a given field strength in air between in-air and submerged oporation. The
voltage induced in the reference loop for a fixed field in air is shown plotted over the vlf
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15she discussion on P. 34 fith regard to the choice of references is particularly pertinent
in the interpretation of Fig. 13. OperaETon
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voltage-interface and depti-of-submncrgence losses for whatever operaitonAd loop dcPth
is required. I b Equation (22) related the ner'ssary field for satisfactory submergen-
loop operation to the necessary loop-induced voltage fc~r threshold sensltlvtty, and En. '?0)
related the necessary loop-induced voltage for this i_ t~ut to the In-air field sensitivity
v! 'he roccivlng svstcm (½,,bl.i,,, thesec equmito.,

5 
le~ad+stoa. itersctt

0
,, relaion4,,

which, after establishing another Identity, explains the basis for the above statement:

1V I-

Ft 0  V'(d: V5(n) V,(dl
")" A V , V(ol (39

Being Indepcndent of recelving-systern parametcrs, the depth-of- submergence loss may
be rather easily determined and taken into account when totaling up and allowing for the
venoaus losseb In the system, However, the voltage-Interface loss for 2)ny particular
receiving system must be known In order to relate properly the field strength In air
which is required to provide design threshold performance with submerged operation to
the In-air field sensitivity figure for the same receiving system. 16 Thus, at least two
measurements are necessary for determining the performance capability of a receiving
system for submerged operation: the In-air field sensitivity FA, and the Voltage-
Interface loss Vw(O) VA. The voltage -interface loss is unfortunately a rather complicated
function of the various parameters of the receiving system. Pe-rhaps the most satisfac-
tory method of determining the voltage-interface loss for an actual receiving system is
to measure it experimentally by noting how much the induced voltage drops as the antenna
Is lowered to a position just beneath the surface.

An analytical expression for the voltage -interface loss may, of course, be used
wherever a satisfactory one Is available, for example the case of the expression (Eq. 36)
tieveloped for the rectangular open-core loop antenna. Hence, evaluating Eq. (39) for F_,
the radio field required in air for minimum satisfactory system output performance, for
the rectangular open-core loop case, gives

E ~ )/ Cos C (40)

System Equatio'ns for Submerged Operation

TZ hz -',-- 'tlvns for the various elements of a vif submerged communizatlon system
may now be combim ed In the same manmer as was done in the case for surfaced ope- Lion.
Using again the bas~c zrlatll z.' _,.1, and substituting Eqs. t2) and (39), a system
equation for submert'ed operation can now be established in terms of E,.' the threshold
field sensitivity in air (measured or specified ai the signal frequency) o?'the receiving

"I The, assuolptions outlin,-d on p, 'A a re, of coure,. part,,ularly pertinent Iere ,ad sh..1d
not lie neglecteA. sin-" they underty this discusqsion.
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. - , 3F' ,(d " (41)

Using the modified Baldwin-McDowell empirical formula for F... and applying It to the
case of the rectan•,lar open-core loop antenna, givus

-_L' , -1 P., .3.10 ofD, EA 5••- (•..) (42)

Substituting for F.o from Eq. (20) allows this relation also to be expressed conveniently
in terms of the threshold voltage sensitivity of the receiving system; thus

EA ' F-T VT v,(d)' (43)
r VA Vf

nr, expanding In terms of the analytical model,

5.1'.,• lO"'Pr va
_______-.3.10- fD3

, - ,_ad (44)

sneak - -b (1- 2I' cs C,

The basic system equations, Eqs. (41) and (43), are stated in very general terms and
contain all of the various elements that determine and relate to overall perfcrmance
capability of almost any submerged system. The other system equations, Ecs. (42) and
(44), are stated in more specific terms, because they contain all of the various param-
eters that determine the overall performance capability of a particular submerged
system using a rectangular open-core loop antenna.

It Is evident upon comparing Eqs. (17) and (41), and also Eqs. (19) and (43), that the
principal factors limiting the underwater reception of radio signals and which make the
equations for surfaced operation different are the voltage-interface loss and depth-of-
submergence loss, Vt O)iVA and Vw(d)c/yo), In other words, if these losses could be
made negligible the equations would become identical, since the voltage ratios would then
be equal to unity. For surfaced operation, of course, these losses are ucglIgiblc, and
Eqs. (41) and (43) can be applied for in-air operation as well. Therefore, Eqs. (41) and
(43) can be interpreted as general system statements which apply both for surfaced and
submerged operation.

"ONFIDENTIAL



CONFIDENTIAL

III. RANGE DETERMINATION

OPERATIONAL DEPTH AS A FUNCTION OF RANGE

The system equations which culminated the previous dscussion ca!h be solved for the
maximum loop-antenna dcpZh,for reliable communication at a given rarge. Such end-of-
range limits ar, usually of primary concern for naval opcrationn! Planning. The end- of-
range limit is here taken as that point of operation where EA F,. or in other words,
where the radio field produced is just equal to that required for minimum satisfactory
system output- allowing for operational losses as may be necessary. In order to apply
the equations to the determination of permissible depth of submergence in any specific
practical situation where numerical results are desired, it is, of course, necessary to
cho;ose specific numerical values for the various other parameters in the equations. The
parameters which must be specified are transmitter radiated power Pr, system miscel-
laneous loss factor I , water conductivity . loop dimensions n and b, number of turns n
on the loop antenna, Ihe range D, the signal frequency f, and either the receiving-system
in-air field or voltage sensitivity EA. or V0. respectively.

To illustrate the application of the system equations for determining design end of
range, certain numerical values have been selected which are more or less typical of the
current operational situation. The radiated power has been chosen as one megawatt, on
the basis of an estimated radiated power capability for the new Maine vif transmitter now
under construction. For "ideal" system conditions, no allowance need be made for miscel-
laneous operational system losses, in which case L, = 0 db (or 1, = 1). For more practical
system conditions, however, a 15-db system loss has been found to approximate actual
operating experience on the basis of scattered operational reports. A 5-db variation about
this value might be expected In practice. Sea water (a taken as 3.6 - 1010 esu) has been
chosen for all range calculations. A 30-turn, one-foot-square open-core tuned loop antenna
has be.ý.n selected as roughly approximating the loop antenna currently in operational use.
Range has been chosen to include the largest ever likely to be needed. A frequency of 20 kc
has been chosen, in the middle of the vlf band, as being fairly representative of the entire
band. A decigr.-threshoid field-sensitivity figure, i.e., with (S/N), = 0 db, of 2.2 v/n.at
18.6 kc has also been selected as representative of the omnidirectional sensitivity which
should be achievable with such a loop system when tuned to resonate at the signal fre-
quency. 

1 7 
A voltage sensitivity of 2390 ,wv has been determined as consistent with the

30-turn, one-foot-square, tuned loop antenna and a value of VAR/EA at 18.6 kc of -88.8 db
(Fig. 6a).

Equation 41 may be restricted to the end-of-range case, rearranged, and expressed
in decibels using a logarithmic transformation in the following manner (using Eqs. 3 and 6):

Sf - L , - L- - Oe (45)

or1
I [S, - L, - L . (46)

17Note: A current development program (10,' shows some promise of an approximate
4:1 improvement in receiving-system sensitivity with a ferrite-core omnidire,tiornal
loop antenna.
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where

Sf reprosents 20 log,,

and

L. represents -20. lo..

Figure 14 shows a plot of permissible depth of loop-antenna submergence for design
threshold sensitivity output as a function of range at 20 ke for several conditions of miscel-
laneous system loss as calculated using Eq. (46), which provides a convenient form for
computation in conjunction with Figs. 3, 5, and 12a. For example: according to Fig. 3,
FA = 120 •Lv/e , or 34.72 db above 2.2 iv/l at 7000 naut ml, so that S,= 34.72 db; the
voltage-interface loss for sea water w. indicated in Fig. 12a is only about 0.75 db; allow-
ing a 20 db operational system loss leaves an excess of about 13.97 db (34.72 - 0.75 - 20)
which can be allowed for depth loss; dividing this figure by 1.49, the value for a obtained
from Fig. 5, gives a maximum allowed depth of about 9.4 It for the conditions specified.
A reduction of 10 db in transmitter radiated power, from 1000 to 100 kw, would reduce the
depth capability of the system shown by about 6.7 ft at all ranges at 20 kc. Figure 14
directly indicates the advantage in range to be gained by loop-antenna operation fairly near
the surface. It is shown, also, that on the basis of 15 db extra system loss, loop submer-
gence to about 20 It is feasible at a range slightly in excess of 4000 naut mi for propagation
entirely over sea water from a transmitter radiating one megawatt for loop-system design
threshold sensitivity output conditions, i.e., (S/Nd= 0 db. Propagation path. -which are partly
over land and/or ice1

8 
can be expected to reduce seriously the feaatble depth of loop sub-

mergence at this range, or the range for a given depth.

OPERATIONAL RANGE AS A FUNCTION OF FREQUENCY

The selection of the carrier frequency is a very important parameter in the desimn o0
an effective submerged-reception radio-communication system. The system equations
can also be transformed and solved to give the maximum theoretical range for reliable
communication zt a given depth of operation as a function of frequency. Expressing Eq. (42)
in this manner gives a transcendental equation with respect to range D:

.r, 1 4• b -f,
D,1. 0 - l

EA5bV 8'o] 1-en(ta/C)! (47)

18The effects on vtf field strength of propagation over ice are not sc well charted as
they are for propagation cver land. More precice information in this regard should
be available upon completion of the IGY programi.
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Such an equation Is perhaps best solved using numerical techniques. RLange has been com-
puted using Newton's iterative method to solve this equation for frequencies extending
from 5 to 100 i.e. The same numerical values for tie various parameters were used here
as those previously selected for calculating the data for Fig. 14; these parameters are
considered as being reasonably typical of the curre:it opera.ional situation. Figure 15a
shows the values of range obtained for the "ideal" system (ase, and Fig. 16b shows those
for the more pratical.1 15-db extra-systen_ -loses sft-ation. The advantage of operation at
the lower frequencies is quite apparent. The two princlpa' causes of the decreased range
at the higher frequencies are, of course, the Increased prspagation attenuation in the air
and the increased depth-of-submergence loss.

Figure 16 shows the range for surfaced (in-air) operation as a function of frequency
for both, fixed field senAzitivity and fixed voltage sensitivity and for both ideal and 15-db
system--loss conditions. Comparing -urve A on Fig. 16 with the d = 0 curve on Fig. 15a
Indicates that there 1S a rather slight loss of range with the loop antemna just submerged.
This is consistent with the information presented it Fig. 13; i.e. tlhc "-:tagc:-lnterface
loss, which alone accounts for the loss in range with just-submerged operation, is not
very large for a one-foot-square loop antenna. The equation used for computing surface
range for a fixed field sensitivity is somewhat simpler than Eq. (47):

DO1-3 Inl'"t 5.10 x10-3 1. l (0•)

EAU

- , \\ ti \*1
TRANSMITrER RASIATE

X4

oI "\ I | Fig. 16 - Theoretical range vs fre-
quency for surfaced operation based

Ion pro-pagation enuti relIy over sea
CRV-E core, 30-turn loop antenna Showing

tA] IDEAL SYSTEM CONItNS both fixed field and fixed v o1 tage
2.. 

T
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(RI 5(`5 5•) 5rE Los
54 o SENSTtt c">o in a 
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It should be pointed ,ut that the 2.2- -.5n, -threshold Iield-sensitivity figure which
was established at 18.6 kc is probably not strictly applicable across the large frequency
range shown in Figs. 15. and 16, since the field sensitivity would normally be expectt d to
becomc better witsl an increase in frequency. A fixed voltage sensitivity across the fre-
quenCe aingi, is probably m 'orc realistic. Cu r-ve.- C: and D nave thus twoc n pho.,cd oni Fig. 16
for comparison with the tixed-field-sensitivity carves (A and B). Th,, !ixed- ficld-sensitivitv
curveb intersect the fixedl-voltage-sensiti\vity curves at about 18.6 kc. since it was at this
frequency that the figure lor voltage sensitivity was established to give output perfr wman i,
equivalent to that provided by a 2.2- .v'n radio field. The equation used for cmnputinig
surface range for a !ixed voltage sensitivity is based on Eq. (21), i.e.,

V0

Using Eq. (44) as a basis, an equation for computing range for submerged operation
with fixed t,,l'tige sens-itivity can. be expressed as

11.1-3 °' 8fn 5. 1 01 .t.- 3 . 1 4 -b J[{f.'20)f1-2, eoi .. ,
V0

Figures 17a and 17b show the theoretical range versus frequency with fixed voltage
sensitivity at various depths of loop submergence for the same numerical values used
previously for calculating the data for Figts. 14, 1

5
m, 15L, a:-;! 16. Above 18.6 kc, the curves

show increased range as compared to thai: ,:hown in Fig. 15 for fixed field sensitivity.
Figure17 probably represents a -more _realistic appraisal of actual comnmunication system
capability and, therefore, should be the type used as a basis for frequency selection in
system design.

THE RELATION BETWEEN LOOP-ANTENNA DIMENSIONS
AND OPERATIONAL RANGE CAPABILITY

Since the system equations encompass all of the elements and pai aieters ii a systni.
they provide a useful basis for determining how various parameters can affect range capa-
bility. The relation between the size of the loop antenna and range capability is of parti-
cular interest. Equation (47) is already expressed in a useful form for studying the effects
on range caused by different loop dimensions for fixed field-sensitivity conditions.

It should be realized that the condition of fixed ii=-id sensitivity is normally not a ciiry
practical condition, since the figure for field sens~tivity v. -it usually change considerably
with a change in loop dimensions. Figure 18 has nevertheless been plotted to show how
end-of-range capability would vary as a function of frequency for loop antennas of three
different vertical heights with respect to a fixed threshold field sensitivity (as measured
in air) of 2.2 ,-s.!m at all frequencies and for all three loops. In the practical s-inse, such
a field-sensitivity value is most likely to be applicable for loops about one foot square in
the 18-kc frequency region. However, the figure do•s, of course. give valid information
wherever a 2.2-v' -threshotd field sensitivity is appli/able, and it may therefore be
used to this limited extent for operational prediction. The decreased range capability
indicated for the larger loops is caused by the increased voltage-interface loss which
occurs with the larger b dimensions. The figure indicates that range based on a fixed
field sensitivity is independent of the loop horizontal length. or 7 oiniunsion. This fllows
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since the voltagc-interface loss is esscntially inuependent of changes in the a dimension. Of
course, loop antennas with larger a dimensions usually have increased field sensitivity.
Keeping field sensitivit( fixed with respect to frequency and antenna dimensional cha!rpc2
(Fig. 18) is unrealistic for at least three reasons: (a) field Fcnitivaty normally improves
with an increase it frequencv. h) I lonp-a.inoina collection capability also improves. wiihin
limits, with an increase in the loop-antenna dimensions, and (c) any increase in loop-antenna
dlmensionr .'-w result it an inc reane iin lcop cqairaltent source aimpedaine which, in turn,
will tend to decrease the available power. The curves in Fig. 18 present factual (but not
necessarily practical) information which shows the effect which various loop dimensions
can have on overall system range capabiliy. It should be understood that except for thr ir
effect on voltage-interface loss (which has been explicitly taken care of in the calculations),
both the loop's physical dimensions and electrical dersg_ .,_paranmeters, such as impedance
and Q, are automatically taken into account in the overall system analysis when the
receiving-system field sensitivity in air is measured or specified.

A plot with fixed voltage sensitivity is more indicative of actual operational range
capability and therefore is much more useful for system design purposes. It is possible,
however, that a fixed voltage sensitivity will be difficult to maintain as the loop-antenna
dimensions are increased, due to a probable increase in loop equivalent source impedance
and a consequent probable Iecrease in the available power from the loop. It is, of course,
being assumed that the loop source impedance does not change due to antenna submergence;
otherwise, this effect should as well be considered as a limitation when interpreting such a
plot. Thus, a plot representing the culmination of many of the ideas developed in this
report is shown in Figs. 19 and 20 for a fixed threshold voltage sensitivity of 2390 .,,. as
an calculated using Eq. (50). Figure 19 shows how range capability is affected by changes
in the i dimension, and effects due to changes in the a dimension are shown in Fig. 20.
The advantage indicated for the larger loops is quite apparent.

DISCUSSION OF VLF SYSTEM PARAMETERS
IN PERSPECTIVE

It must be kept in mind that the loop-antenna electrical design parameters which
provide optimum overall system sensitivity are not necessarily compatible with the loop-
antenna dimensions which r.cvlde maximum radio signal pickup. The amount ef .fr;vcr
available from a loop antenna also depends on the loop impedance, which is a function of
the number of turns, wire size and material, shape and size of ihe Ecy, core material,
and core losses (if any), and to some extent the characterlstlcs of the medium, depending,
of course, upon the degree of isolation affordc -i by In:ulation between the loop and the
medium. Similarly, the environmental and operational requirements of the eubmarine
place very practical restrictiors on the dimensu,,.u parameters of sutmerged-loop
antenna systems, and these ma;, compromise both the physical and ele:-trical aspects of
system design.' 0 However, each of the effects of electrical design, dimension change,
and operational factors with regard to loop-antenna performance need to be determinzd
and appraised separately before they can be properly evaluated in con bination. The
determination of the effect of a change in rectangular-loop-antenna di:nensions 1.pon a
loop antenna's collection capability in air and in water, upon the volta,!.e-lnterfa(:e loss,
and finally unpn the system range capability, is consistent with this method of a.tacking

19The conmpronmises involved in the common optimizaticn of all these clement -,nd param-

eters with respect to iaximumn loop-antenna subm.rged-reception capability are not
giver a detailed treatment in thi- report, but they torm a basis for continuing studies
aimed at improving the submel ged- reception capaotlity of vsf radio systems.
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the overall problem, and it represents a first step toward the determination of the
"optimum" (see footnote 19) antenna design con.sis t

c',t with maximum overall system-
performance capability.

Unfortunately, tie analytical treatment of submerged-loop antennas with core materials
other than the surrýxundi;;g :1diun;, kj, f• ,FI, al 4y d ehensie,
thorough study of the case for a sea-water medium has not yet been made? 0  

Further-
more, there is little experimental data available regarding the characteristics of sub-
merged iron-core loops, largely due to the difficulty of making careful underwater mcas-
urements. Fratianni (5) has made experiments comparing an iron-core and an air-cIL-e
loop both in water and in air, with the general conclusion being that the improvement
obtained by an iron-core loop in water over an encased air-core loop in water is also
realized when both loops are operated in air. However, reliable comparative data is
needed to determnine whether iron-core operation is superior or inferior to water-core
operation. Theoretically, at least, it certainly is reasonable to expect that iron-core
operation doee not give as great an improvement over water-core operation as it did when
compared wit i air-core operation, because of the radio-wave attenuation afforded by the
water core, which provides higher output from a submerged water-core loop compared to
a submergerk air-core loop. A type of core material that retains the attenuation charac-
teristic of water-core loops but which also offers a lower reluctance path to the field
(a characteristic of most iron-core loops) might possibly prove to give better results
than either Iron- or water-core loops. A careful theoretical study of the optimum matertal
and shape for a loop core is needed.

It should be realized that many of the loop antennas currently used in the U.S. Navv
for submerged communications have iron cores and are not the open-core type for which
Norgorden's expression and his equations, Eqs. (10) and (11), are intended. The justifi-
cation for treating the water-core case in this report (other than the academic need to
present a complete system picture showing how the various elements affect the final
system result) is that range calculations made using equations applicable to the water-
core case have predicted figures which have been in reasonably substantial agreement
with scattered field reports of actual ranges attained using iron-core loops.

1 
Further-

more, the application of modern weapon systems in conjunction with nuclear-powered
submarines requires that antenna structures with satisfactory signal-coliection capability
be provided that permit deep submergence of the submarine while maintaining satisfactory
communication. Iron-core loops occupying a volume much in excess of a cubic foot would
probably be prohibited, by the excessive weight of th2 iron, while larger water-core loops
might be more feasible.

An examination of Norgorden's treatment (6) of the field in a conductive (sea-water)
medium will indicate th.t he over simplified the problem by neglecting the effects of the
dielectric constant of sea water. The inclusion of this effect into a more general and more
complex treatment does not appear to lead to the simple plane-polarized waves he pre-
dicted. It would seem that perhaps a simple rectangular loop is not necessarily the best
sari of device for coupling to a more complicated field. In a practical sense, tiwEVCr, the
extra effects predicted by the more complex theory may very possibly be quite negiigible,
leaving an essentially plane-polarized wave as being the case at the lower frequencies.
This question should certainly be resolved; a careful study of interface-refraction and
underwater-propagation phenomena from the point of view of determining the exact nature
of the field present and the most efficient coupling mechanism for extracting the utmost
amount of energy from this field in the conducting medium is very desirable.
20

Note, however, that the problem of radiation from a thin-wire loop antenna in air with
a finite cpherical core of material other than air has apparently been solved in a rig-
orous manner hy Herman (ll) and might serve as a suitable starting point for further
work.
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CONCLUSIONS

It is con-luded that:

1. System equations can be established in terms of the elements of vlf radio-
romm' . roc itira. interface loss), and applied to,
for example, a system employing a rectangular, open-core loop antenna to depict system-
pertormaiwv !n, --."'-'" of basic independent parameters (such as frequency,
water conductivity, and antenna dimensions), and to predict operational range capability,
provided the characteristics of the elements are adequately described.

2. Relatlve air-to-water relationships involved in submerged radio reception can be
established by identities which relate the basic sy5stem ilements.

3. Loop-antenna pickup capability gain with operation in vater nearly compensates
for the large loss in radio field strength through the interface, falling short of full com-
pensation by ýie amount of the voltage-interface loss, which for certain loop sizes and
frequency conditions may not be negligible,

4. There is a particular loop-antenna vertical dimension corresponding to a given
".requency which gives a maximum submerged pickup capability for a rectangular open-
core loop; i.e.. an increased vertical dimension beyond that will not result in further
improvement and actually may cause a slight degradation.

5. The height dimension of a rcctangular open-core loop antenna must be increased
with a frequency decrease, if the maximum possible signal-voltage output with respect to
changes In the loop height dimension is to be achieved.

6. The optimum loop-;u,*:nna vertical dimension increases as the water conductivity
decreases.

7. An increase in the horizontal (width) dimension of a rectangular, open-core loop
antenna is in general much more effective in increasing loop induced voltage than a cor-
responding increase in the loop vertical dimension.

8. An important concept evolving from this study is the fact that there is a particular
frequetcy for a specified depth of loop-antenna submergence which give-s a maximum sub-
r.-rged-loop pickup capability for a fixed field strength in air.

9. With a fixed field strength in air, the signal-voltage output from a small loop
antenna increases with frequency in the vIf range at submerged depths down to about
10 ft in sea water, due to the fact that the increased loop pickup capabili.y with increasing
frequency overrides the increased depth-of-submergence loss at such s.nallow depths.

10. With a fixed field strength in air, the signal-voltage output from a small loop
antenna usually decreases as frequency increases within the vIi range at submerged depths
greater than about 10 ft in sea water, since the rate of depth-of-submergence-loss
increase with increasing frequency is higher at the greater depths.

11. Systemwise, the apparent advantage of higher frequency operation at shailow
depths for a specified field strength in air is lost, because with long-range operation the
vIf propagation-attenuation characteristic in air is more favorable to the lower frequencies.
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12. The overall rai.ge of vIf communications is improved by operation at the lower
frequencies for the same amount of radiated power; however, there is an attendant incrvase
in the wavelength and a decrease in the phase velocity of propagation in sea water as well
as an increased cost of providing the same amount of radiated power with operation at
lower frequency.

13. Expressing receiving-system performance in torms of the variations to be
expected in basic system parameters with respect to a fixed voltage sensitivity i.•a orc
.,dicative of realizable system performance capability than to a fixed field sensitivity.

14. The in-air field- sensitivity figure for the usual loop-type receiving system must
be depreciated by the amount of the voltage-interface loss and the depth-of-submergence
loss to yield the in-air field sensitivity figure for submerged operation at a given depth
(assumingno change in loop source impedance wi*h submergence).

15. Further theoretical studies are needed to determine the 'optimurr." vlf loop
antenna design for both in-air and submerged reception, considering both optimum loop-
antenna-systemn electrical design parameters and optimum loop dimensions which do not
compromise the maneuverability, derp-siubmergence capability, or othe,. operational
requirements of the submarine.

RECOMMENDATIONS

It is recommended that additional theoretical studies ant! attwodant txpPrimentati-
be undertaken, leading to:

1. The "optimum" vlf loop antenna design for both in-air and submerged reception
of electromagnetic waves, considering both optimum loop-antenna-system electrical
design parametnrs and optimum loop shape and dimensions which do not compromise 'hE

operational requirements of the submarine in its water environment, and

2. A more efficient coupling mechanism to the available electromagnetic energy in
a conducting medium than that afforded by a simple loop antenna.
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APPENDIX A

DERIVATION OF THE MC)DIFIED BALDWIN-McDOWELL
PeMPIRTCAi, FIRL-STRENGTH FORMULA

The original Batdwin-McDowell empirical relation is expressed in the following
form:

E 0.266 11h - O.OO-0l03(m
D^" -5 (At)

where the field strength EA is expressed in -e. m, the antenna down-lead current I in
amperes (as measured at the bottom of the down lead), the antenna effective height h in
feet, the frequency fin kilocycles, the range D in nautical miles, and , the base of nati~ral
logarithms. Now the radiated power P, (in watts) is related directly to the antenna clrr-
rent by an expression which implicitly defines R., the radiation resistance of an antr.ena;
viz.,

I - ... (A2)

Various s=.:u•.. I give a very useful empirical relation for the realizable radiation
resistance of a short vertical radiator over a good ground system, which may be
expressed as

it i ti50 Ihns. (A3)

The modified formula given in Eq. (1) of the text is obtained by substituting Eq. (A3) if.
Eq. (A2), substituting the resulting expression for th- current In Eq. (Al) and simplifying,
Thus,

E 3 0 Io . Ito 3- 10I' (MA4)

where t is now in cps.

IFor exanmpte, -q. (A3) is given on p, Zi of tae r £''-, - Cont-act (Non,- =ii t8C;;,
"Fioial Engineering Report on Low aod Very- Lo--Frequeo'y 

5
st-nna Stmdv.'" Oct. 1957,

by Federal Telerorr.,niincation Laboratories.
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APPENDIX B

EQUATIONS FOR ELECTROMAGNETIC PLANE-WAVE
PROPAGATION IN WATERI

Differentiating Maxwell's field equations with respect to time and substituting from
one equation into the other gives the wave equations of the electromagnetic field, which,
for the purpose at hand, may bp simplified by assuming that F and If are functions of
distance x and time t only:

,i 2 - It-,"t

SfBI)

,,• . . . ,t-2

where

j, - a e ,nd is defined as the complex permittivity of the medium, and

.= - j.,' and is defined as the complex permeability of th2 medium.

The solution of the differential equations with which we are concerned for the pur-
poses ot this report is a plane wave,

F -: E0 ~~' " .]

,32)

advancing through the medium with a complex propagation fa,flor,

j •- A ,iF . (BJ)

whete A is the attenuation factor and is the phase factor of the wave. Introducing these
factors and substituting for , Eqs. (B2) may be rewritten in the form:

flr *Ex e-" 3- 4)

from which it is apparent that the wave has a time period

IA. Von Hippel, "Dielectric Mdterials and Applications," New York:Wiiey, 1954, discusses
both the macroscopic and the molecular properties of nonmetallic rný.terials. The deri-
vationdeveloped here is based principally on the tl.eory treating the mnacroscopic aspects-
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T-f. (ES)

and a spave period

The amplitude decays exponentially at a rate

20 A tj 0 lop t I

expressed in decibels per unit distance.

Surfaces of constant phase are given by

F1 - ' (BB)

which propagate with a phase veilcity

'IX
dt (9

Now, the complex relative permittivity and permeability may be defined, respectively, as:

and (13O)

For a nonmagnetic medium such as sea water, the complex relative permeability sim-
plifies to

The product of angular frequency and the relative complex permittivity loss factor is
proportional to a dielectric conductivity and may be given as

". = 4 .... (B12)

with the conductivity - being ,xpressed in esu (statmho-crn/cm2).

Considering the equality

113)

to hold, and substituting Eqs (B10), (B$I), and (B12) into Eq. (B3), leads ýo the result
that for a nonmagnetic medium,

j OA DjE3. (A14)
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Solvir.g for A and 4,

and 
c t 

)

c ' 2 v 2.-

However, It may be shown that

hf ~ fj~f\2 f
Ski i 6)

Therefore

A

and1 and • • •(B17).

thus
A 1).33

Substituting Eqs. (BI?) into Eqs. (B6), (137), and (Bg) thus gives, in terms of the basic
independent parameters, three very useful quantities for describing the plane wave in
sea water, i.e., the attenuation rate with depth (or distance), the wavelength in the medium,
and the phase velocity- a O1~ek'L < l~

c 20 1
and

Figure BI shows a plot of the fuiction ,c defined in Eq, (BIB). It is apparent thai for
sufficiently low values of the argument (which is sometimes referred to as the loss tan-
gent), the factor may be taken as being essentially unity with negligible error. Hence the
expressions for ., A., and v are often approximated for the case of sea water at vlf and
below by neglecting this factor, which is equivalent to neglecting ý, the dielectric ,_..
stunt. Figure BI can be used as a universal curve for comparing the actual values
(unstarred) with approximated values (starred), since

-•(:) •/=• -. - •". (B319)

The approximate values are shown as solid-line curves and tle actual values as dashed-
line curves in Fig. B2 as functions of frequency for the case of sea water (o = 3.6 . 10"
statmho-cm/em 2 in esu, 4 mho-m/M 2 in niks units, and " 81 everywhere except near
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(a) The rate of atteruation a of electromagnetic.
waves in sea water as a function of frequency

FREOJFkKi SCA FR ItS tA WAlti4 (CPS

(b• The phase velocity v of electromagnetic wave.
in sea water as a function of frequency

Fig. B? - The rate of attenuation wittn depth, phase
velocity, atz.d ",avelýenith Qf plane eettOrnmagnetic
waves mn sea water as a function of frequency. Starred
(4) values are computed with the effect of dielcc-i c
constant ignored; i.e., 0 0. Unstarred values are
computed with the effect of dieleci ri. constant included,
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(c) The waveleng:c x of electrcomagnetic waves in

sea waters a function of f-equancy

Fig. Bn (Contiaued) - The rate of attenuation with depth,
phase velocity, and wv•'aieugth of plane electromag-
netic wavege in sea water a• a oun-tfio orctflfrncy.

carced * i) values are Co cop ut ed with the effect of
dielectric constant ignored; i.e.. . tiUnastarTed
value. are LoMpotted -ith the effect of dielect.- con-
srant included.

1000 Me, where it apparently begins to decrease to about 80.5 at 1000 Ic). Dorsey, has
made a survey of the literature with regard to the variations to be expected In these
parameters in water; however, there appears to be little known about any possible fre-
quency dependence of water conductivity. A convenient plot shown in Fig. B3 is useft.l
for determiin~n the Vproximatc (star red) values for nonmagnetic media other than sea
water.

3 
The actual values for the other media can then be obtained using Fig. 11, i.e.,

-* (from Fig. B3) times a (from Fig. BI).

Figure B4 gives a detailed picture of the situation for water with respect to a rather
broad range of conductivity and frequency.

2N. E. Dorsey, "Properties of Ordinary Water-Sutbstance .... N'iew Yorh:cReihuold. IS40.
3
Actually. water is 1jsted by Dorsey as being slightly diamagnetic; however, hIe -ifect is
considered negligible for the purposes of this report.
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(a) Approximate ,ate of attenuation

(b) Approximate phase velocity v'

Fig. z3 3 Universal curves for the approximate rate
ox attenuation with depth, phase velocity, and wave-
length of plane electromagnetic waves in nonmagnetic
conductive media which neglect the effects of the
dielectric constant
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(C) Approximate wavelength 4

Fig. B3 (Continued, - Universal curves for the approx-
imate rate of attenuation with depth, phase velocity,
and wavelength oiplane electronmagnetic waves in non-
niagnetic cQ-id ictive media which ncglect the effects
of the dielectrii. constant
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• -TrP,.e', 'I [ ;

W " 'I I>,, M 5 0-

IL + I + 1 I+

as a function of frequeocy. aic db/ft = 0.555 , , 1 fss v'7 T-T.
Lo = ,rd is depth-of-subtrergence loss in db. and d is depth of loop sub-
mergence measured froin surface of water to top of loop in feet.

Fig. B4 (Continued) - The race of attenuation with depth, phase velocity,
and wavelength of the radio electric field in w-ter for a wide range of
condcictivity and frequercy. x = sf/2?, ý - 81, c = 9,835 .10 ft/sec, f is
in cps. and -iin esu I(tatmho-cm/cu.'2), For convý-- ion to niks units,
, ic- ... /(9 iuII
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.10 0  5

IA

in fetprseod=A f

5' I

S.... iIiI i I I I

Fig. 134 (Continued) - The rate -I attenuation with depth, phase velucity,
and wavelength of the radio electric field in water for a wade range ofconductivity and fi-eqi]ency, x o -f 2I , = 81,. C ( 9.B35 0 10C ft/ec, fis

incps, and o1 is in esu (statrnho-cm/cm2}. For conversion to rnks units,
--in csu/(9 ý 109) 7 mho-m~m.
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IýF
' I I' 'n

I N-

M 1pe

-in 1su 109 z

I I II

(ci The wavelc-ngth .t• of radio waves in water as a function
of frequency

Fig. 834 (Continaed} - The rate off attenuationx with depth, phase velocity,
anid wavctengtl, of the radio electric field in w'ater for a wide range ol

incps andis in esi, (statmnho-cmn/crn ,. For conversion to nuts unit:s,
•in esu/(9 4 09 flimlC•-¶J/fl

4
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APPENDIX C

DERIVATION OF LOOP--ANTENNA COLLECTION
CAPABiLX!ýY IN AIR

The difference hik potential, or ihe r.pen-cireuit vong.v, • of
loop antenna is equal to the vector sum of the voltages induced in the various parts of the
winding. The difference In potential may be represented as a line integral o0, the "dot
product" of lte Instantaneou, electric-field vector with respect to the vector differential
element of length oer the entire length of the loop. Applying this principle to 'he case
of a rectangular loop in air oriented so ihat the plane of the loop is parallel to the direc-
tion of propagation and the polarization of the electric vector, as indicated in Fig. Cl,
gives

V E -a%~5~x E ds nF a.ds~ Eds *nf E'rxs (C 11

or

v "S r -I df , (C2)

since

2 4

f E as E -dsz 0. (C3)

Therefore, if t <,

V nbt (E, -E,). (C4)

For sinusoidally varying fields,

K g E cos.t, (C5)
and

PROPAGATINe~
or x'txUa WAVE Ex b

Fig. Cl - Dia tram of rectangular loop antenna in ait
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assuming a negligible decrease In field strength frorn one side of the loop to the ether,

but allowing for the change in phase. Thus

E 1 -E2  ( ,a)
- ---:c s ,t -cos ..

cos '-t C- os ,tcc' s c- sil.t sill a . (M7)

-Cos s t -q

Since the induced voltage will be sinusoidal, being proportional to the difference of two
sine waves with ihe baue f'requency, Eq. (C7) simplifies to

S... . A m+ . t R 13 . (C 8 )

where

and

B n 1 - cos

Therefore, substituting this result into Eq. (C4) yields the expression used for the loop-

antenna collection efficiency for In-air operation, viz.,

V0  -ý r, 6) (C 9)
EA

Expanding the cosine term under the radical in tuef'. of an infinite power series

gives

, 2 0 2 2 _ 4 a 4 -

L
2  2 24C

-. .,bt ±-E-- ...Oci .. ...
-, 2 4 .2 _.

S. . ..•- - • - 12C• 360c" . . .-

Therefore, to a very gcod appriximation,

VA reb k
AK• . .--c(n

if
2C2

CONFE (or fNA 5.4 I0
8
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APPENDIX D

DERIVATION OF LOOP-ANTENNA (OLLECTION
CAPABILITY IN WATER'

The top sidd ui a rectangular loop antenna is considered to be submerged to a depth
a ib. water. The electric field strength jusi'telhiw lm surt!ace is taken as F•(O} and, for
the purpose of this derivation, the direction of thp clectric vector will be considered as
lying in a horizontal plane propagating downward (Fig. I). Applying eqs. (132) and (B3) to
the case at hand leads to the statement that

F' Ad(0" t) .

The field at a depth (a 5) at thŽ bottom of the ionp (since the height dimension of the
loop is taken as b) is then

-'( 5fr rteL ia~~)

E1,40t) c-Ad

E,(wd. t) , ja ' )b

Considering only the scalar parts. since the vectors are parallel, the induced voltage per
turn o the loop is taken as

t ds. (03)

Subtracting Eq. (M2) frcm Eq, (M)) then gives

Ew . t - wt 4 Et ,Ot) i) ' -•". 1  Bb] c (D4)

Now, substituting Eq. (IA) into Fq, iD3) and performing the integration yields

IThe developmncnt is in general similar to that sliocn by Nargorden (see Ref. S, in text),
except that here the treaerment hte Lcr, .t•t,,ded and rnodiiaed to remove certain iimit-
ing restrictions.
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"V"t) . 1 ...(A. )b]L(' "-))n -. F,(O.,t) 1- -( r) •

,, (D5)

- JJ

Ctunverting iurtner to trigonometric terminology and taking only the real part gives

Vw(d, t) c ý[
S -w(0't coS(_,,t -8d) + q Sin(-t-Bd)] (D6)

where

P E-D 'L (I -Ab
0 A sin P5 sin L -( c B b) I

and
Sin Bb co., c c-. fb Sin - -- sin B sin -6.

Equation (A)6) may now be use" to establish the loop pickup capability in water (the peak
magnitude of the induced volt-e;e for a given peak magnitude of electric field at tie top
of the loop) by taking the square root of the sum of the squares of the sine and cosine
terms. Hence

Vw V5(dl "c
___ - 9 q (D7)

where the peak magnitude of thc electric field at the top of the loop is

Ew(d) w•(O) -d'. (DS)

Considerable simplification results whenever the horizontal loop dimension a is small
enough and the frequency is low enough so that

"«- <1 co,; '--I
CCo.

and

in C -

for then Eq. (D7) may be approximated as

, = k n 1 - 2ý ....C - (D9)

2Using the notation later introduced in Eq. (D9),

P r" in )-'- - -- _cos t 1 -0cOS

and

[t S (in ( + - P in€2 -2 in -
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where

-Ab -_-2 -- f T,
C

Bb -2 ý-b--C-

mid k is introduced to allow for different types of units (in this report k is taken as

0.3048006 meters/,t).

Furthermore, if

2'4

then

VW n k / I- - cos 2 . (D+O)

where

--- c< I,
C

and, as in Eq. (PI9), 4-3

3
Equation (D'0) is essentially equivalent toan expression der-ved by Norgorden (see p. 6,
Ref. 6. in text).
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APPENDIX E

DERIVATION OF THE RECTANGULAR LOOP HEIGHT CORRESPONDING TO
THE MAXIMUM ANTENNA COLLECTION CAPABILITY IJ WATER

If the collection capability is maximum with respect to loop height, then itr deriv~k-
tive with respect to loop height must be zero; hence, taking the derivative of Eq. (13) in.
the text with respect to b and setting it equal to zero gives

(:) 2.,,qk--,'(,' - cos wsi,, " (El)

db b /-I- 2ý' 20 '~-

or after eliminating nonpertinent factors,

o - .' - C .% + si, - (E2)

This transce,,dental equation has been solved for the particular root of interest, using the
Newton numrical iteration technique, giving -2.284102297.... or (solving for b)
for• -f > 3600,

2.2R410221)7 c
2"' f'

3.57553524 108

0 36352617 'w . (E3)

since w = c .
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APPENDIX F

DERIVATiON OF FREQUENCY FOR MAXUMUM VoEA FOR A GTVEN
DEPTH OF OPERATION AND SIZE OF LOOP ANTENNA

Setting the derivativA of VW FA with respect to frequency equal to zero serve•, _
establish the conditions necessary for achieving a maximum V I,5 

at a given depth of
operation for a given size of loop antenna. This is done in Eq. (FI) and is then simpli-
fied by eliminating nonpextinent factors. Thus

' ,,q . t"+s, :~o "'- - " + i)i -2'o .iif" (Fl)

or

Cos

The particular frequency f. corresponding to a maximum induced voltage in a submerged
loop for a given field strength in air can now be found by solving for the value of - which
will satisfy Eq. (F2) (the particular value obtained being -_ which is, of course, dependent
on the ratio of 1 6) and substituting the value obtained for , into the following equation,
which is merely a rearrangement of the original equation defining - (valid whenever

f - 3600):

Solutions to the transcendental Eq. (F2) have been obtained using iterative numerical
techniques. Figure Fl is a plot of the values obtained for the magnitude of .• ao a fun:-
tion of t 0. Figure F2 has been plotted to facilitate the determination of the optimum
frequency f0 and is simply a graphical plot of Eq. (F3). Thus, given the values of d and
b, the magnitude of ", may be obtained from Fig. Fl, and then having '-, and knowing
the val.ue oi •, f, can be read directly from Fig. F2 (provided, of course, that the ratio
of o to , is greater than 3600).

24_ CONFIDENTIAL,



CONFIDENTIAL NAVAL RESEARCH LABORArORY 85

\ 1

.0.

Fig. F] - A plot of the root of Eq. (F7) as a
funlction of d/b
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Fig. FZ - The particular frequency fo which gives

maxirnvnf induced voltage in a suanerged loop

antenna with a given fixed field strength in air as

function of I 0!. b and certain values of a
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LIST OF SYMBOLS AND THEIR DEFINITIONS

Attenuation per unit of increasing depth in water, 0.555.10o

CV, - in deviblpl per fri-'t

Approximate value of o obtained by neglect (J dielectric constant
, 0.555 0=V , in decibels per foot

o Length of rectangular loop antenna, in feet

A Aitenuation or amplitude factor

D Height dimension of rectangular loop antenna, in feet

B Phase factor

. Complex propagation factor

c Velocity of tight in air, ý = 9.8357010 feet per second

d Depth of loop antenna sebmergence in water, measured from wster surface
to top of loop, in feet

Oi Range or distance in air between transmitting and receiving antennas, in
nautical miles

dev 20 tog)0 (v,/v2 )(See footnote 9)

dr, 10 log jo (r /r,)(see footnote 9)

diS Vector differential element of length

Base of natural (Napierian) logarithms, 217182818 . . .

"o Permittivity of free space

Complex permittivity

Real part of -'

Imaginary part of I

YA Magnitude of radio electric field in air at water surface, in volts per meter
(v/m)

EAý Receiv'.ng-,ystem threbould field sensitivity, i.e., the magnitude of radio
electric field in air at the water surface at range D which will provide
design threshold sensitivity conditions with in-air operation, in volts per
meter. (tloto: with surfaced operation, %, is equal to F..)

E0  Magnitude of radio electric !ield in air at water osurface at range ti for
minimum satisfactery receiving-system output performance, in volts per
meter
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F, The fit-Id nutensity required under actual operational system conditions for
the saine signal-to-noise ratio and performance conditions outlined for
E~, i.e.. E, yi,', , in volts per meter

Maw-njtutt of radio, electricý field in water at deth. , it, volts pe =e

Fý('ý Magnitutic Of radio electric field ir, watf,. at zero dolith of loop sui)mcegaiwe,
ice., lop of loop a! water surface, in volts per meter

Fý Vector quantitv representing the electric field intens~ty

Vi tnstantaneous electric vector field at the. vertical side of the rectangular
loop antenna closest to the transmittez

F.2 Instantaneous electric vector~field at the vertical side of the rectangular
1 op antenna furthest [rum the transmitter (taken at same instant of time
as for E,)

E3 Scalar magnitude -I C,

E2 Scalar magnitude of C2,

F,, Initial value of F.

Ft0, it Vector quanLity representing instantaneous electric field intensity in water

EtO.tt Fnd. t for 0 = 0I

E,(O. t) Scalar magnitude of EIi teI,

f ransmission or signal frequency, in cpa unless othcrwise specified

fo Frequency which gives maximum induced voltage in a suLmerged-looip
antenna with any particular given fixed field strength in sit , in cps

Fra Relative rectangular opea-coire loop-antenna collection capaiialifft in air
(ref erredto the reference loop R) which incorporates effects slue to number
of turns and loop dimensional changes (expressed as a ratio, or given in dib)

Fc Relative rectangular open-core loop-antenna collection capabit~ty in water
(referred to the reference looipi) Y'hich incorporates effects due to nomber Ai
turns anti loop dimensional changes (expres!)cd as a ratio, or givce in d.1

FvI Relative rectangular open-core loop antenna voltage- interface loss (referred
2~toi a tinerence loop R) which i .. 6;rpn:atcG effc~ts du.- tc loon- dirne-

sional changes (expressed as a ratio)

o Loocp--antenna pickuo capahititv gain or improvement with operation in water

as compared to I.n-air operation

1, Antenna effective height, in feet

* vector quantity r-presenting the magnetic fietd intensity

No Initial value of 9

CONFID"ENTIAL
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A parameter usco for notational convcniolt~e; - 07
in radians

Value of -(or the root) which satislies Eq. (172)

:Approximate value of obtained bv neglect of diselectric constant

I Antenna down-lead current, in ampe-res

4, A conversion factur, t 0.3048006 meters per foot

- Complex relative permittivity

-'The real part of -* (also referred to as - ,the dielectric constant)

Imaginary part of

,, Complex relati%- permeability

The real part of ~
Imaginary part of ,~

I, Systemn operatlonal loss; t, ,E

L,~ Loss due to loop-anitenna submer -ence to a sporified d.epth in ~ao
L,t-7, - 2 n 1 0c Fwill/Eato) .it decibels

L, Allowed syst em operational ioss. iý -20 log 0 l in decibels

1, Voltage-inlerfaoe loss; Lý -20 log 0 1 VWrO).'VA

The radio wavelength in air, in feet

-~The radio wavelength in the conducting medium (water), in feet

* Approximate value of -obtained b) erlect of dielectric constant

-e Permeability of free space

'~Complex permeability

it eal part of -

.2 Imaginary part of .

o Number o1 turns on loop antenna

Pt, 2 Power applied to resistances, r,,,

V,, Transmitter radiated power, in watts

V111 Parameters used for notational conveniience, deiioýd 'In Ern. lod)
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h Reference. isingle-turn. single-plane, one- foot -square, Open-core 10oop
anteinna (often employed as sb~script to other symbols to designate the
referencv-lou1 ) case)

Anlriia radiation resistance the value of rtnstotant-c mi sertvs With the
antenna down -lead current which results in the antenna radiated power,

Elecctrical conductivitv of water, in esu (stattmho-cm/cin")

Dibnanitv vari~iiie of initegration, taken along horizontal oi rectangular loop
with urig~in a, side nearest ths source of electromagnetic radiation

Sý Surplus radio field. 20 tOglotFA/Eik)

So Design threshold i.w sensitivity, i.e., that unmodulated signal input itoces-
sary tor a receiver output signal-to-noise ratio ($IN), equal to 0 decibels
;At the standard 6-mwx cnitpdt power level

S2ý, Standard ew ncýtastivity, i.e., that ottmodulated signal input necessary foie a
receiver output signal-to -noise ratio (SIN),, equal to 20 decibels at the
standard 6-muw output power level

T Time period

I 'lime, in s;econds

vPhase velocity of propagation

v~Approximate value of v obtained by negli-et of the dielectric constant

V Instantaneous voltage indliced in a loop antenna, in voltts

VA Voltage induced itt loop antenna in air by radio field EA I in Volts

V, Design threshold voltage sensitivity, i.e., the voltage induced in a loop
antenna in air oy a radito field EAý in volts

V.1t0) Voltage inducetd in loop avtenna in water at zero depth of submer gence,
i.e., with Lop of loop at water surface, by radio field in air FA I in volts

Vv(d) Voltage induced in loop antenna in water at a specified depth of loop sub-
mergence by a radio field in air EA I in Volts

v(,t) natantaneodis voltage induced in loop antenna in water at a specified loop
depth

tV/.~iConvenient arbitrary references of induced or open-circuit terminal voltages
fVw./t1 I and relerence fields, all being 1 volt and a field of I volt per meter (see

Vw/tA 15detailed discutsicii .n p. 134)

P A pv~ranteter used for convenience, 1 W

X Distance
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